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ivKurzfassung
Nicht statistische “event-by-event” Fluktuationen werden als wichtiges
Signal f¨ ur die Suche nach dem kritischen Endpunkt des QCD Phasendia-
gramms angesehen. In aktuellen Experimenten werden aus diesem Grund
bereits detailliert “Event-by-event” Fluktuationen verschiedener Observab-
len untersucht. Diese Fluktuationen werden aber auch eine wichtige Observ-
able f¨ ur das zuk¨ unftige CBM Experiment bei FAIR sein. In dieser Arbeit
werden Ergebnisse zur Energie- und Zentralit¨ atsabh¨ angigkeit der “event-by-
event” Fluktuationen von Teilchenzahl-Verh¨ altnissen pr¨ asentiert. Die Daten
stammen von Messungen des NA49 Experimentes bei Pb + Pb St¨ ossen mit
Strahlenergien von 20 - 158AGeV.
Es wurden systematische Studien bez¨ uglich des Einﬂusses der dE/dx Auf-
l¨ osung auf die Teilchenidentiﬁkation und die Gr¨ osse der Zentralit¨ ats-Bins
durchgef¨ uhrt. Die Ergebnisse dieser Arbeit k¨ onnen mit weiteren Ergeb-
nissen der NA49 Kollaborartion ¨ uber “event-by-event” Fluktuationen von
Observablen wie der mittleren Multiplizit¨ at geladener Teilchen oder <pt>
verglichen werden.
Die Hauptergebnisse dieser Arbeit sind ein Ansteigen der dynamischen Teil-
chenzahl-Verh¨ altnis Fluktuationen mit abnehmender Multiplizit¨ at bei allen
untersuchen Verh¨ altnissen, eine S¨ attigung der Fluktuationen der K/π- und
K/p-Verh¨ altnisse f¨ ur periphere Pb + Pb St¨ osse bei 158AGeV Strahlenergie
und eine Skalierung der Energie- und Zentralit¨ atsabh¨ angigkeit der p/π-
Verh¨ altnis Fluktuationen mit NpNπ. Die gemessenen Energie- und Zen-
tralit¨ atsabh¨ angigkeiten der K/π- und K/p-Verh¨ altnis Fluktuationen skalie-
ren mit NK in unterschiedlicher Weise. Die S¨ attigung der genannten Verh¨ alt-
nis Fluktuationen bei Ereignissweiser Auswertung der Daten werden mit der
Ausbildung einer Singularit¨ at bei Null erkl¨ art. Mittels Monte Carlo Simu-
lationen kann gezeigt werden, da¨ s die Singularit¨ at die gemessenen Fluktua-
tionen in sehr peripheren Pb + Pb St¨ ossen bei 158 AGeV beeinﬂu¨ st.
Das zuk¨ unftige CBM Experiment bei FAIR wird ganz speziell den ¨ Uber-
gangsbereich des QCD Phasendiagramms untersuchen um nach dem Phasen-
¨ ubergang erster Ordnung und dem vorhergesagten kritischen Endpunkt zu
suchen. Aus diesem Grund ist es wichtig die Sensitivit¨ at des Experiments
f¨ ur die Teilchenzahlverh¨ altnis Fluktuationen im Bereich von 10-45 AGeV
zu untersuchen. Hierzu werden in dieser Arbeit detaillierte Simulationen
pr¨ asentiert, die als Ergebnis zeigen dass das CBM Experiment Daten erzeu-
gen kann mit Hilfe derer man f¨ ur die “event-by-event” Fluktuationen eine
eine Sensitivit¨ at im Bereich von 1% erreichen kann.Abstract
Non-statistical event-by-event ﬂuctuations are considered as an impor-
tant signal for the critical endpoint of the QCD phase diagram. Event-by-
event ﬂuctuations of diﬀerent observables are thus investigated in detail in
current experiments but are also an important observable to be studied at
the future CBM experiment at FAIR. In this work we present the energy and
centrality dependence of event-by-event ﬂuctuations of particle yield ratios
measured by the NA49 experiment in Pb+Pb collisions at 20 - 158 AGeV.
Systematic studies of the inﬂuence of the dE/dx resolution on the parti-
cle identiﬁcation and the centrality bin size were performed. Results can
be compared to event-by-event ﬂuctuations measured by NA49 for diﬀerent
observables such as <pt> or the mean charged particle multiplicity.
Main results of these studies are an increase of absolute value of the dynam-
ical particle ratio ﬂuctuations with decreasing centrality for all considered
ratios, saturation of the K/π and K/p ratio ﬂuctuations for peripheral Pb +
Pb collisions at 158A GeV and scaling of the energy and centrality depen-
dences of the p/π ratio ﬂuctuations with NpNπ. The measured energy and
centrality dependences of the K/π and K/p ratio ﬂuctuations scale with NK
in a diﬀerent way. The saturation of the mentioned ratios ﬂuctuations was
attributed to the development of pronounced spike at zero in the eventwise
ratio distributions, which, as was shown by Monte Carlo simulations, inﬂu-
ence the measured ﬂuctuations in the very peripheral Pb + Pb collisions at
158A GeV.
In future, the CBM experiment at FAIR will investigate the intermediate
region of the QCD phase diagram in great detail searching for the ﬁrst or-
der phase transition line and the expected critical endpoint. It is therefore
important to closely investigate its sensitivity towards particle ratio ﬂuctua-
tions in Au+Au collisions at 10-45 AGeV beam energy. Detailed simulation
studies will be presented. As an outcome of these feasibility studies we con-
clude that the CBM experiment will be able to provide high quality data on
the subject of the event-by-event ﬂucutations of particle yield ratios with
sensitivity in the order of 1%.Chapter 1
Introduction
The exploration of the phase diagram of strongly interacting matter is one
of the most challenging ﬁelds of modern high-energy physics [1, 2]. The
current status of our knowledge is summarised in ﬁgure 1.1.
Figure 1.1: Current status of the experimental scan of the QCD phase dia-
gram [2].
The circles show the freeze-out points of diﬀerent collision energies. The
solid line shows the ﬁrst order phase transition and the dashed line the
crossover region as predicted by [3]. The line of the ﬁrst order phase tran-
sition ends with the critical point, which is shown as triangle. The location
of this critical point is obtained from lattice calculations and is currently
expected around T=160 MeV and µB=400 MeV [3]. Of particular interest
is the transition from hadronic to partonic degrees of freedom which is ex-
pected to occur at high temperatures and/or high baryon densities. Both
phases played an important role in the early universe and possibly exist in
the core of neutron stars [4]. The discovery of this phase transition would
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shed light on two fundamental but still puzzling aspects of Quantum Chromo
Dynamics (QCD): conﬁnement and chiral symmetry breaking. In particu-
lar, at high baryon densities one expects new phases of strongly interacting
matter [5]. The scientiﬁc progress in this exciting ﬁeld, QCD at high baryon
densities, is driven by new experimental data.
In order to study the dynamics of strongly interacting matter far from
its ground state, laboratory experiments are performed with high-energy
nucleus-nucleus collisions. By varying the energy of heavy-ion collisions, one
probes diﬀerent regions of the QCD phase diagram. For the intermediate
energies (AGS, SIS18, lower SPS energies) the system freezes out at mod-
erate temperatures and high baryon densities, while at higher energies (top
SPS energies, RHIC, future LHC) very high temperatures and low baryon
densities are reached. The conditions inside the transiently existing ﬁreball,
created in A + A collisions are reﬂected in the abundances and phase-space
distributions of the emitted hadrons. Important information on the early
phase of the collision is provided by the quark ﬂavor of the observed hadrons.
In particular, hadrons containing strange or charmed quarks are regarded as
sensitive diagnostic probes of the collision dynamics. The hadrons are either
observed directly or identiﬁed via their hadronic or leptonic decay products.
Lattice QCD calculations at vanishing baryochemical potential and ﬁ-
nite temperature predict the formation of a quark-gluon plasma above en-
ergy densities of about 1 GeV/fm3 [6]. Such conditions may be created
in heavy collisions between heavy nuclei already at bombarding energies of
about 10 AGeV [7, 8]. Recent lattice QCD calculations at ﬁnite baryon
chemical potential predict a critical endpoint of the deconﬁnement phase
transition at µB ≈400 MeV and T≈160 MeV [9, 10]. The major challenge
is to ﬁnd diagnostic probes which are connected to the chiral symmetry
restoration and to the deconﬁnement phase transition. A signature for the
onset of chiral symmetry restoration might be the observation of in-medium
modiﬁcations of hadrons. In-medium eﬀects have been found for pions in
deeply bound pionic atoms [11] and for kaons and antikaons produced in
heavy-ion collisions at SIS energies [12, 13, 14]. Very promising observables
are also short-lived vector mesons decaying into dilepton pairs inside the
ﬁreball. An enhanced yield of low-mass dilepton pairs has been found in
central heavy-ion collisions [15, 16]. This observation has triggered an enor-
mous theoretical activity on in-medium modiﬁcations of ρ-mesons and the
relation to chiral symmetry restoration. A further promising candidate for
a probe of in-medium modiﬁcations is open charm produced at very high
baryon densities [17].
Enormous experimental and theoretical eﬀorts have been and are still
devoted to the search and investigation of the deconﬁned phase of stronglyCHAPTER 1. INTRODUCTION 3
interacting matter, the quark-gluon plasma (QGP). The discovery of the
QGP was announced by CERN in 2000 [18]. The arguments given in the
press release were essentially based on experimental ﬁndings such as en-
hanced production of low-mass dilepton pairs, J/ψ suppression and the fact
that an analysis of particle multiplicities yields a chemical freeze-out tem-
perature of about 170 MeV which is very close to the critical temperature.
Several years later, new and complementary experimental results obtained
at RHIC were interpreted as signatures of the QGP [19]. The main ob-
servations of the RHIC experiments include large values of the elliptic ﬂow
in agreement with hydrodynamical calculations, the suppression of high pt
particles and quark number scaling of ﬂow observables.
Many signals have been proposed and are still under discussion, although
the hope for ﬁnding a ”smoking gun” has not yet become true. The discov-
ery of the critical endpoint or signals of a ﬁrst order phase transition would
be such a direct indication for the existence of a new phase. Theoretical
investigations suggest that particle density ﬂuctuations occur in the vicinity
of the critical endpoint, which might be observed experimentally as non-
statistical event-by-event ﬂuctuations of observables [20]. This phenomenon
was also seen in lattice QCD calculations [10]. The ﬂuctuation signal should
show up around a certain beam energy.
In this section we will brieﬂy review the existing data which are relevant
for the study of the high baryon density region of the QCD phase diagram
which is the program for the future CBM experiment at FAIR.
1.1 Low-mass vector mesons
The in-medium spectral function of short-lived vector mesons can be mea-
sured via their decay into dilepton pairs. Since leptons are essentially un-
aﬀected by the passage through the high-density matter, they provide, as a
penetrating probe, almost undistorted information on the conditions in the
interior of the collision zone [21].
However, dilepton pairs from vector meson decays are diﬃcult to mea-
sure due to the very small branching ratios and the large combinatorial
background in heavy-ion collisions. The challenge is to identify the electrons
or muons unambiguously, measure their momentum better than ∆p/p=2%
and to eﬃciently suppress the background which stems mainly from Dalitz
decays and gamma conversion. The test of theoretical predictions requires
high statistics data measured with large acceptance spectrometers.CHAPTER 1. INTRODUCTION 4
1.2 Charm production
Particles containing heavy quarks like charm are produced in the early stage
of the collision. At FAIR, open and hidden charm production will be stud-
ied at beam energies close to the kinematical threshold, and the production
mechanisms of D and J/ψ mesons will be sensitive to the conditions in-
side the early ﬁreball. The anomalous suppression of charmonium due to
screening eﬀects in the Quark Gluon Plasma (QGP) was predicted to be an
experimental signal of the QGP [22]. J/ψ mesons were measured via their
decay into muon pairs in heavy-ion collisions at top CERN-SPS energies by
the NA50 experiment. It was found that the J/ψ yield decreases relative
to the Drell-Yan yield with increasing collision centrality [23], the so called
J/ψ suppression, which was considered as a signal for the QGP discovery.
The interpretation of the NA50 results is subject of an ongoing debate as
the data can be explained also within hadronic scenarios. Data on open
charm will be useful for pinning down the source of the J/ψ suppression,
and provide an independent probe of the QGP. The next generation exper-
iments aim at the measurement of open charm which will provide further
constraints.
Moreover, the eﬀective masses of D-mesons - a bound state of heavy
charm quark and a light quark - are expected to be modiﬁed in dense mat-
ter similarly to those of kaons. Such a change would be reﬂected in the
relative abundance of charmonium (c¯ c) and D-mesons [17]. D-mesons can
be identiﬁed via their decay into kaons and pions (D0 → πK, D± → ππK).
The experimental challenge is to measure the displaced vertex of kaon-pion
pairs with an accuracy of better than 100 µm in order to suppress the large
combinatorial background caused by promptly emitted kaons and pions.
1.3 Strangeness in dense matter
One of the early predictions for a QGP signal was an increased production of
strangeness in the deconﬁned phase resulting in an enhanced yield of strange
particles after hadronization [24]. This eﬀect was expected to be even more
pronounced for multistrange hyperons. Indeed, the NA57 experiment ob-
served that the multiplicity of Ξ and Ω hyperons per participant is higher
in nucleus-nucleus collisions than in proton-proton (or proton-Beryllium)
collisions [25]. Moreover, the enhancement increases according to the s-
hierarchy. Again, the interpretation of these results is still under discussion.
An intriguing ﬁnding is that the slope of the Ω kinetic energy distribution
is steeper than expected. This indicates that the Ω hyperon - which con-
sists only of strange quarks - might freeze out very early. Recently, data on
the excitation function of strangeness production measured by NA49 haveCHAPTER 1. INTRODUCTION 5
revived the discussion on the role of strangeness as a signature for a decon-
ﬁnement phase transition [26]. Of particular interest is the peak (so called
”horn”) in the dependence of the K+/π+ ratio on the projectile energy,
which appears at 20A-30A GeV and is not reproduced within statistical and
transport models. This peak coincides with the increase of the event-by-
event kaon to pion ratio ﬂuctuations at lower SPS nergies. Whether these
observations are connected to the critical point of the QCD phase diagram
requires further studies.
1.4 Event-by-event ﬂuctuations
In the vicinity of the deconﬁnement phase transition, critical density ﬂuctu-
ations have been predicted to cause non-statistical event-by-event ﬂuctua-
tions of experimental observables. In particular, the study of event-by-event
ﬂuctuations in the hadro-chemical composition of the particle source oﬀers
the possibility to directly observe eﬀects of a phase transition. Depending
on the nature and the order of the phase transition one expects anomalies in
the energy dependence of event-by-event ﬂuctuations [20]. Ideally, a sudden
non-monotonous change in the dynamical ﬂuctuations measured as a func-
tion of beam energy would be a signal of the critical endpoint.
From lattice QCD calculations one can obtain the dependence of the
quark number susceptibility on T and µq [27], which is shown in ﬁgure 1.2.
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Figure 1.2: The baryon number susceptibility as a function of T and for
diﬀerent µB [27].
At the critical temperature a peak in the quark number susceptibility
develops with increasing µq, i.e. approaching the critical point. As suscep-CHAPTER 1. INTRODUCTION 6
tibilities are connected to ﬂuctuations, a non-monotonic energy dependence
of the ﬂuctuation signal in the vicinity of the critical point is expected.
The NA49 experiment did measurements of the energy and centrality de-
pendencies of multiplicity ﬂuctuations in A + A collisions in the SPS energy
range [28, 29] and mean transverse momentum ﬂuctuations as a function
of energy and centrality [30, 31]. From the comparison of the dependencies
of these observables to an eﬀect connected to the critical point it can be
concluded that the measured signal is far to low than the expected one.
Which means that no critical phenomena is observed so far. Maximum of
ﬂuctuations is observed in peripheral events, which indicates an important
role of geometrical eﬀects.
One can look at strangness ﬂuctuations by measuring for example kaons.
Particle ratios are more preferable since volume ﬂuctuations are canceled in
the ratio to ﬁrst order. Thus one conciders dynamical ﬂuctuations of such
observables as the event-by-event kaon to pion, proton to pion and kaon
to proton ratios. Event-by-event ﬂuctuations of particle yield ratios have
been studied by the NA49 (CERN SPS energy range) and STAR (RHIC
energy range) experiments. The dependence of the dynamical ﬂuctuations
of the kaon to pion ratio on the center of mass energy of central heavy ion
collisions, published by NA49 [32] and STAR [33], is shown in ﬁgure 1.3.
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Figure 1.3: Dynamical ﬂuctuations of the kaon to pion and proton to pion
ratios as a function of the center of mass energy of central heavy ion colli-
sions [32, 33].
An increase of the dynamical ﬂuctuations of the kaon to pion ratio to-CHAPTER 1. INTRODUCTION 7
wards lower energies is observed and requires further understanding and
interpretation.
The centrality dependence of the ﬂuctuation signal has been analysed by the
STAR collaboration [34]. The observed dependence is shown in ﬁgure 1.4.
Figure 1.4: Dynamical ﬂuctuations of the kaon to pion ratio as a function
of the centrality of heavy ion collisions, published by the STAR collabora-
tion [34].
A scaling with the dn/dy yields at midrapidity was observed. However,
the NA49 energy dependent data do not follow this trend. An open issue is
here, that the phase space acceptance of NA49 changes with energy.
In order to better understand the available data on the particle ratio
ﬂuctuations a measurement of the centrality dependence of dynamical ﬂuc-
tuations of NA49 at one beam energy will be needed. They allow to inves-
tigate the multiplicity dependence without changing the acceptance at the
same time. This should answer such question as for the multiplicity depen-
dence of this observable.
In this work central and minimum bias Pb + Pb collisions in the CERN
SPS beam energy range were analysed with respect to the event-by-event
ﬂuctuations of particle yield ratios. In chapter 2 a brief introduction to the
NA49 experiment will be presented with focus on the detector components
used in this analysis. In chapter 3 the details of the NA49 data analysis will
be discussed. The results of the data analysis will be presented in chapter
4 with a particular focus on the centrality dependence of the particle ratio
ﬂuctuations in Pb + Pb collisions at 158A GeV beam energy. In chapter 5
results will be discussed and compared to models. The proposed scaling of
dynamical ﬂuctuations with average particle multiplicities will be studied.
Description and results of a feasibility study of the measurement of parti-
cle ratio ﬂuctuations with the future CBM experiment will be presented in
chapter 6.CHAPTER 1. INTRODUCTION 8
1.5 The UrQMD model
Currently there are no microscopic transport models with an implemented
phase transition and critical point. Thus theoretical predictions for the
signal of the critical point can be estimated only from lattice calculations.
This makes any interpretation of the measured signal, as the increase of
the kaon to pion ratio ﬂuctuations at lower SPS energies [32] and centrality
dependence at RHIC energies [34], diﬃcult.
The Ultrarelativistic Quantum Molecular Dynamics (UrQMD) model is a
microscopic model used to simulate (ultra)relativistic heavy ion collisons in
the energy range from Bevalac and SIS up to AGS, SPS and RHIC [35,
36, 37]. Main goals are to gain understanding about the following physical
phenomena within a single transport model:
• Creation of dense hadronic matter at high temperatures
• Properties of nuclear matter, ∆ and Resonance matter
• Creation of mesonic matter and of anti-matter
• Creation, modiﬁcation and destruction of strangeness in matter
Projectile and target are modeled according to the Fermi-gas ansatz. The
nucleons are represented by Gaussian shaped density distributions. The
nucleon-nucleon interaction, implemented in the model, is based on a non-
relativistic density-dependent Skyrme-type equation of state with additional
Yukawa- and Coulomb potentials. Momentum dependent potentials are
not used. The UrQMD collision term contains 55 diﬀerent baryon species
(including nucleon, delta and hyperon resonances with masses up to 2.25
GeV/c2) and 32 diﬀerent meson species (including strange meson reso-
nances), which are supplemented by their corresponding anti-particle and all
isospin-projected states. The states can either be produced in string decays,
s-channel collisions or resonance decays. For excitations with higher masses
than 2 GeV/c2 a string picture is used. Full baryon/antibaryon symmetry is
included. Elementary cross sections are ﬁtted to available proton-proton or
pion-proton data. Isospin symmetry is used when possible in order to reduce
the number of individual cross sections which have to be parameterized or
tabulated.
The UrQMD model was widely used in the current work for comparison
with the NA49 data and predictions for the future CBM experiment.Chapter 2
The NA49 experiment
Figure 2.1: The NA49 detector.
The NA49 detector is a wide acceptance spectrometer for the study of
hadron production in p + p, p + A, and A + A collisions at the CERN
SPS [38]. The main components are 4 large-volume TPCs for tracking and
particle identiﬁcation via dE/dx. TOF scintillator arrays complement par-
ticle identiﬁcation. Calorimeters for transverse energy determination and
triggering, a detector for centrality selection in p + A collisions, and beam
deﬁnition detectors complete the set-up.
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In the next section only those detectors are shortly described which are
essential for the data analysis.
2.1 The magnets
Two super-conducting dipole magnets with a maximum combined bending
power of 9 Tm at currents of 5000 A are centered on the beam line. Each has
a width of 5700 mm and a length of 3600 mm. Their centers are positioned at
about 2000 and 5800 mm from the target. The magnet yokes are conﬁgured
in such a way that there is a maximum opening in the (horizontal) bending
plane at the downstream end. A free gap of 1000 mm between the upper
and lower coils leaves room for large- volume (TPC) tracking detectors. The
coils have a central bore of 2000 mm in diameter and no pole tips are present.
This causes ﬁeld inhomogeneities with the minor components reaching 60%
of the vertical component at the extremities of the active TPC volumes. The
standard current settings for data taking corresponds to full ﬁeld, nominally
1.5 T, in the ﬁrst and reduced ﬁeld, 1.1 T, in the second magnet.
2.2 The TPC tracking system
Figure 2.2: The scetch of the Time Projection Chamber (TPC) detector.
Time Projection Chamber (TPC) is a 3-D imaging chamber. Providing
large volume and small amount of material, it is typically slow, with read-CHAPTER 2. THE NA49 EXPERIMENT 11
out time in the order of 50 µs. It was ﬁrst proposed in 1976 and is used in
many experiments.
2.2.1 Principles of operation
A TPC contains gas (for example Ar + 10-20 % CH4), an electric ﬁeld in the
order of few 100 V/cm, a magnetic ﬁeld, which should be as large as possible
to measure momentum and to limit electron diﬀusion, and pad read-out to
detect projected tracks [39].
The operation principle of a TPC with a charged track crossing the active
volume is shown in ﬁgure 2.2. When passing through the detector gas a
particle will produce primary ionization along its track. The y-coordinate is
determined by measuring the drift time from the ionization event to the pad
plane at the top. This is done using the usual technique of a drift chamber.
Pad read-out provides the measurement of x- and z-coordinates, thus track
points are reconstructed in 3-D.
The TPC has just gas in the active volume, thus the material budget is
small. The maximum drift lenght is 2 m which leads to long read-out time
and thus slow data acquisition speed. Design requirements are typically
high gas purity, uniform electric ﬁeld and strong and uniform magnetic ﬁeld.
Particle identiﬁcation is provided by the measurement of speciﬁc energy loss
(dE/dx) which depends on the particle velocity and magnetic ﬁeld. Using a
TPC, the mass of the particle can be identiﬁed by measuring simultaniously
its momentum and dE/dx.
High granularity of the pad read-out provides the possibility to operate the
TPC in high track densities, which is relevant for heavy ion collisions at the
CERN SPS energies.
2.2.2 Readout chambers
The NA49 TPC system deploys 62 readout proportional chambers each with
a 72 × 72 cm2 detector surface. The chambers are constructed using the
classic design developed over many years of TPC technology. Seen from the
drift space, a gating grid is followed by a cathode plane (Frisch grid) closing
the proportional chamber volume made up by 20 µm sense wires interspaced
with 125 µm ﬁeld (zero potential) wires. Signals are picked up on the back
cathode plane which is subdivided into pads.
The sizes, gas mixtures and characteristics of the NA49 TPCs are listed
in table 2.1. There are two types of TPC detectors in NA49: two Vertex
TPC’s (VTPC1 and VTPC2) and two Main TPC’ (left MTPC and right
MTPC). Vertex TPC are smaller and are placed in the dipole magnetic ﬁeld
for measurement of particles’ momentum.CHAPTER 2. THE NA49 EXPERIMENT 12
VTPC-1 VTPC-2 MTPC
Width 2 m 2 m 3.9 m
Length 2.5 m 2.5 m 3.9 m
Height 0.98 m 0.98 m 1.8 m
Gas 90% Ne, 90% Ne, 90% Ar,
10% CO2 10% CO2 5% CO2,
5% CH4
Sectors 6 6 25
Pad rows per sector 24 24 18
Pads per row 192 192 192/128
Pads 27648 27648 63360
Pad length 16/28 mm 28 mm 40 mm
Pad width 3.5 mm 3.5 mm 3.6/5.5 mm
Angle to beam 12 - 55 3 - 20 0/15
Table 2.1: Sizes and characteristics of the NA49 TPCs.
2.3 Veto calorimeter
The centrality of Pb + Pb collisions is derived from the energy of the pro-
jectile spectators which is measured by Veto Calorimeter (VCAL). VCAL is
located 26 m behind the target and consists of an electromagnetic section
of a lead/scintillator sandwich of 16 radiation lengths which is followed by
a hadron section of an iron/scintillator sandwich of 7.5 interaction lengths.
Each section is divided into four segments. The light produced by the scin-
tillators of each segment is transported by light guides located at the left
and the right side of the calorimeter to a photo-multiplier. Due to this de-
sign the response of the calorimeter is strongly dependent on the position
the particle traverse the scintillators. The light created in the center of the
calorimeter has to go a longer way through the scintillator material and is
weakened due to absorption or misses the photo-multipliers. This inﬂuences
the resolution of the calorimeter.
The spectrum of total energy of the projectile spectators measured with
VCAL of NA49 in Pb + Pb collisions at 158A GeV is shown in ﬁgure 2.3.
2.3.1 Centrality determination
The centrality of a reaction is the ratio of the cross-section σtrig of the
triggered reactions to the total inelastic cross-section σinel:
C =
σtrig
σinel
(2.1)
The cross-section σtrig can be estimated from the trigger rate of the
experiment and the conﬁguration of the target:CHAPTER 2. THE NA49 EXPERIMENT 13
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Figure 2.3: Distribution of the veto calorimeter energy for minimum bias Pb
+ Pb collisions at 158A GeV. Vertical lines show 5% centrality bins from 5
to 55%. The remaining 40% of events were triggered out and not recorded.
σtrig = Rtrig  
￿ M
ρ   d   NA
￿
(2.2)
where M is the molar mass of the target atoms, d is the thickness of the
target and ρ is the target density. NA is the Avogadro constant. One of the
possibilities to determine the trigger rate is following formula:
Rtrig =
"
￿ Ntrig
Bgated
￿
target in
−
￿ Ntrig
Bgated
￿
target out
#
(2.3)
where Ntrig is the number of triggered events and Bgated is the number
of beam particles which passed through the target within the same time
interval, during which data acquisition system was idle.Chapter 3
Data analysis
In this chapter the analysis of event-by-event particle ratio ﬂuctuations in
NA49 data will be explained. A list of the analysed data sets is shown in
table 3.1. Here we assume that well measured momenta are availible.
Tag Beam Trigger Nev
momentum,
AGeV
20G+-20GeV-central-03A 20 central 360k
30G+-30GeV-central-02J 30 central 440k
1/4std+-40GeV-central-00W 40 central 420k
1/2std+-80GeV-central-01E 80 central 305k
std+-160GeV-central-00B 158 central 400k
std+-160GeV-central-256TB-01I 158 central 3M
std+-160GeV-minbias-low-int-01J 158 minbias 340k
Table 3.1: List of the analysed NA49 data sets.
The study of event-by-event ﬂuctuations of particle yield ratios requires
particle identiﬁcation on an event-by-event basis. The NA49 experiment,
with its particle identiﬁcation via the dE/dx measurement, works in the
relativistic rise region of the Bethe Bloch parametrisation and due to limited
dE/dx resolution track-by-track identiﬁcation is not possible. On the other
hand, a standard ﬁt of a single event dE/dx distribution will fail due to
the low number of tracks per event (on average 60 tracks per event for 20A
GeV beam energy). An alternative statistical method was proposed for
this purpose [32, 42]. It is based on the maximum likelihood method and
obtains particle yields per event using information of the dE/dx distribution
of the whole data sample. This means, that before this statistical event-by-
event ﬁt, an inclusive ﬁt has to be performed to obtain the parameters of the
dE/dx distribution (for description of the parameters see section 3.1). These
parameters are ﬁxed later on and only relative yields are varied. Particle
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ratios in an event, which are needed for calculation of the ﬂuctuations, are
then calculated from the relative yields per event.
3.1 Inclusive ﬁt
Particle identiﬁcation by dE/dx measurement is based on the fact, that
the speciﬁc energy loss of a particle depends on its velocity and is diﬀerent
for diﬀerent particle species with the same momentum. The dependence
of dE/dx on momentum is described by the Bethe-Bloch formula, and for
NA49 by its parameteres (see ﬁgure 3.1). A simultaneous measurement of
dE/dx and momentum provides particle identiﬁcation [40]. In the current
analysis, the dE/dx measured by the MTPCs of NA49 was used because it
has higher quality and is more stable with respect to the dE/dx resolution,
compared to measurements provided by the VTPCs. MTPC tracks also
have more measurements along their trajectories and thus better dE/dx
resolution (see section 2.2).
The inclusive dE/dx spectrum was divided into 2 bins in charge (+ and -),
20 bins in total momentum, 10 bins in transverse momentum and 8 bins in
azimuthal angle. Table 3.2 shows the ranges and the bin sizes used in the
current analysis.
Variable Range Nbins Bin size
ptot 1-40 and 2-120 GeV/c 20 logarithmic
pt 0-2 GeV/c 10 0.2 GeV/c
φ 0-2π 8 0.25 π
Table 3.2: Binning of the phase space used in this analysis. Due to overlap
of dE/dx distributions around momentum of 3 GeV/c ﬁrst three bins in
total momentum were skipped.
Figure 3.1 shows the transverse momentum and azimuthal angle inte-
grated dE/dx distribution versus total momentum. Solid lines show the
NA49 Bethe-Bloch parametrisation. The following momentum ranges were
chosen: 1 - 40 GeV/c for beam energies 20A, 30A and 40A GeV and 2 - 120
GeV/c for 80A and 158A GeV. These momentum ranges are labeled as stan-
dard. Due to the overlap of the contributions around the total momentum
of 3 GeV/c, particle species can be separated only above this momentum
value. Logarithmic binning for the total momentum axis and linear binning
for the transverse momentum and the azimuthal angle were used.
The dE/dx distribution for tracks from the event ansamble was approxi-
mated by single particle distributions. Minimization of χ2 was used as a
ﬁtting method. Each phase space bin was ﬁtted separately. In order to
exclude low statistics bins, 3000 entries were required in each distribution.
We have considered 4 particle species: electrons (positrons), pions, kaonsCHAPTER 3. DATA ANALYSIS 16
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Figure 3.1: dE/dx as measured by the main-TPC as a function of total
momentum for positive particles from central Pb + Pb collisions at 20A GeV
(left picture) and at 158A GeV (right picture) beam energies. Solid lines are
the NA49 Bethe-Bloch parametrisations. Vertical lines show momentum of
3 GeV/c.
and (anti-)protons. The distribution for each particle was considered to be
Gaussian. All Gaussians are characterized by their position (relative to the
pion position), their amplitude and a position dependent width. So there are
9 free parameters in the ﬁt. Summarizing this, the dE/dx ﬁtting function
e.g. for particles with positive charge is given by:
f(d) = Ae+exp
"
− 0.5
￿d − ye+(dE
dx )π+
qe+
￿2
#
+Aπ+exp
"
− 0.5
￿d − (dE
dx )π+
qπ+
￿2
#
+AK+exp
"
− 0.5
￿d − yK+(dE
dx )π+
qK+
￿2
#
+Apexp
"
− 0.5
￿d − yp(dE
dx )π+
qp
￿2
#
, (3.1)
where Ae+, Aπ+, AK+, Ap - are the peak amplitudes; yα = (dE
dx )α/(dE
dx )π+
- is the relative position of particle type α and qalpha = σyα(dE
dx )π+ is the
width. The same ﬁtting function was used for all phase space bins. The peak
positions were initialized from the Bethe-Bloch parametrisation of NA49 and
for the ﬁrst iteration were ﬁxed to this initial value, to obtain an estimate
of the amplitudes and the width. In the second iteration all 9 parameters
were free.CHAPTER 3. DATA ANALYSIS 17
Dedicated tools for visualization of the ﬁtting procedure were developed,
which allow to control it on-line bin by bin. Several examples are shown for
central Pb + Pb collisions at 20A GeV beam energy for positive particles
with ptot=3.3 GeV/c (ﬁgure 3.2), ptot=14.6 GeV/c (ﬁgure 3.4), ptot=8.4
GeV/c (ﬁgure 3.3) and at 158A GeV beam energy for positive particles
with ptot=4.1 GeV/c (ﬁgure 3.5), ptot=7.6 GeV/c (ﬁgure 3.6) and ptot=88.7
GeV/c (ﬁgure 3.7). Loose set of track cuts was used (see section 3.4).
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Figure 3.2: Visualization of the inclusive dE/dx ﬁt (left picture) for central
Pb + Pb collisions at 20A GeV beam energy for positive particles with
ptot=3.3 GeV/c, pt=0.3 GeV/c and φ=0.393 rad. The right picture shows
the deviation of the ﬁt function from the data distribution relative to the
data error.
The performance of the ﬁt expressed in terms of χ2 distribution as func-
tion of pt and log(ptot) is shown in ﬁgure 3.8 for central Pb + Pb collisions
at 20A and 158A GeV beam energies, positive tracks and the ﬁrst bin of the
azimuthal angle. It can be seen that the overall performance of the inclusive
ﬁt is satisfactory but it is worse for the higher beam energy due to the fact
that the systematic errors become larger than the statistical ones.CHAPTER 3. DATA ANALYSIS 18
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Figure 3.3: Visualization of the inclusive dE/dx ﬁt (left picture) for central
Pb + Pb collisions at 20A GeV beam energy for positive particles with
ptot=8.4 GeV/c, pt=0.3 GeV/c and φ=0.393 rad. The right picture shows
the deviation of the ﬁt function from the data distribution relative to the
data error.
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Figure 3.4: Visualization of the inclusive dE/dx ﬁt (left picture) for central
Pb + Pb collisions at 20A GeV beam energy for positive particles with
ptot=14.6 GeV/c, pt=0.3 GeV/c and φ=0.393 rad. The right picture shows
the deviation of the ﬁt function from the data distribution relative to the
data error.CHAPTER 3. DATA ANALYSIS 19
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Figure 3.5: Visualization of the inclusive dE/dx ﬁt (left picture) for central
Pb + Pb collisions at 158A GeV beam energy for positive particles with
ptot=4.1 GeV/c, pt=0.3 GeV/c and φ=0.393 rad. The right picture shows
the deviation of the ﬁt function from the data distribution relative to the
data error.
dE/dx
0.6 0.8 1 1.2 1.4 1.6 1.8 2
c
o
u
n
t
s
1
10
2 10
3 10
4 10
+ e
+ π
+ K
p
/NDF=3.86 2 χ
dE/dx
0.6 0.8 1 1.2 1.4 1.6 1.8 2
(
d
a
t
a
 
-
 
f
i
t
)
 
/
 
e
r
r
o
r
-1
-0.5
0
0.5
1
Figure 3.6: Visualization of the inclusive dE/dx ﬁt (left picture) for central
Pb + Pb collisions at 158A GeV beam energy for positive particles with
ptot=7.6 GeV/c, pt=0.3 GeV/c and φ=0.393 rad. The right picture shows
the deviation of the ﬁt function from the data distribution relative to the
data error.CHAPTER 3. DATA ANALYSIS 20
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Figure 3.7: Visualization of the inclusive dE/dx ﬁt (left picture) for central
Pb + Pb collisions at 158A GeV beam energy for positive particles with
ptot=88.7 GeV/c, pt=0.3 GeV/c and φ=0.393 rad. The right picture shows
the deviation of the ﬁt function from the data distribution relative to the
data error.
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Figure 3.8: Performance of the inclusive ﬁt for central Pb + Pb collisions
at 20A GeV (left picture) and at 158A GeV (right picture) beam energies.
The scales of the z-axes are the same on both plots.CHAPTER 3. DATA ANALYSIS 21
The absolute positions of the Gaussians, ﬁtted during the second iter-
ation, are shown in ﬁgure 3.9. Each point represents one phase space bin
for positive particles. The solid lines show the Bethe-Bloch parametrisation
of NA49. One can observe a spread of points around the true value which
indicates the variation of the peak positions from bin to bin. It is especially
big for positrons (electrons), most probably, due to low statistics and lower
quality (less length, odd angles, secondaries).
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Figure 3.9: Positions of the Gaussians as a function of total momentum for
positive particles from central Pb + Pb collisions at 158A GeV beam energy.
Diﬀerent pt and φ bins are shown as dots. Solid lines show the Bethe-Bloch
parametrisation of NA49.CHAPTER 3. DATA ANALYSIS 22
The extracted amplitudes for positive particles from the ﬁrst bin of the
azimuthal angle as a function of total and transverse momentum are shown
in ﬁgure 3.10.
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Figure 3.10: Amplitudes as a function of total and transverse momentum
for positive particles from central Pb + Pb collisions at 158A GeV beam
energy.CHAPTER 3. DATA ANALYSIS 23
For a crosscheck of the extracted amplitudes they were transformed into
raw yield distributions as function of transverse momentum and rapidity
and compared to the fully corrected dn/dy spectrum of K+ from central Pb
+ Pb collisions at 158A GeV, published by NA49 [41]. The azimuthal angle
wedge of ±45◦ was used, in which the acceptance is close to 100%. A simple
factor of 4 (90◦ out of 360◦), which corrects for the selected φ coverage, was
introduced. Since no extrapolation in pt was done in the current analysis,
one expects agreement of both spectra (with 5% relative diﬀerence due to
resonance feeddown) in the rapidity range from 0.5 to 1, while at higher
rapidities they might disagree due to limited pt coverage (see ﬁgure 3.12).
From ﬁgure 3.11 one can conclude satisfactory agreement of φ-integrated
dn/dy yields of K+ at 158A GeV beam energy in the rapidity range from
0.5 - 1.
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Figure 3.11: Comparison of raw K+ dn/dy spectra obtained by the current
analysis (points) and published by NA49 (curve) for central Pb + Pb colli-
sions at 158A GeV beam energy. Two vertical lines indicate the kinematical
range of the current analysis and show the rapidity values in the CM frame
for ptot=3 GeV/c, pt=0 GeV/c (left line) and ptot=120 GeV/c, pt=1 GeV/c
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The phase space coverage (pt versus rapidity distributions) for positive
particles from central Pb + Pb collisions at 158A GeV beam energy is shown
in ﬁgure 3.12. Information on the acceptance of the NA49 detector for the
complete CERN SPS energy range can be found in [32].
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Figure 3.12: Phase space coverage for positive particles from central Pb + Pb
collisions at 158A GeV beam energy. Solid lines show the momentum cuts
used in the current analysis: lower momentum cut of 3 GeV/c (left line)
and two diﬀerent higher momentum cuts of 15 GeV/c (middle line) and
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The width of the dE/dx distribution of each particle was parametrized
as follows:
σ = a
￿
dE
dx
￿α
, (3.2)
where the parameter α depends on the gas of the TPC. For the MTPCs
of NA49 it is equal to 0.65 [32]; a is the relative width of the peaks and is
assumed to be common for all particles. In fact, the parameter a depends
on 1/
√
n with n being the number of dE/dx measurements per track, thus
is larger for shorter tracks. This dependence was neglected in the current
analysis, since close to all tracks accepted in the MTPCs are long (number
of dE/dx measurements is close to 100). The ﬁtted common relative width
as a function of total and transverse momentum for positive particles from
the ﬁrst bin of azimuthal angle for central Pb + Pb collisions at 158A GeV
beam energy is shown in ﬁgure 3.13. A dE/dx resolution on the order of 4%
- 4.5% is obtained.
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Figure 3.13: dE/dx resolution as a function of total and transverse momen-
tum for central Pb + Pb collisions at 158A GeV beam energy.
The stability of the inclusive ﬁt with respect to diﬀerent centralities of
Pb + Pb collisions at 158A GeV beam energy is shown in ﬁgure 3.14. The
peak positions are very stable while there are small variations of the absolute
width.
3.2 Event-by-event ﬁt
Results from the inclusive ﬁt are ﬁlled into a look up table, which consists
of 9 ﬁt parameters for each phase space bin. These Probability Density
Functions (PDFs) were used in the further analysis to obtain event-by-event
particle yields and are shown in ﬁgure 3.15.CHAPTER 3. DATA ANALYSIS 26
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Figure 3.14: Stability of the inclusive ﬁt with respect to diﬀerent centralities
of Pb + Pb collisions at 158A GeV beam energy for ptot=7.6 GeV/c, pt=0.3
GeV/c and φ= 0.393 rad.
As already pointed out in section 3.1 there are too few entries in the
dE/dx distribution per event if divided in bins of diﬀerent momenta, the
standard procedure with minimization of the χ2 fails. Thus the Maximum
Likelihood Method (MLM) was used to extract event-wise yields [42]. Using
the PDFs one can deﬁne the probability for each track to be one of the
particle types. The probabilities for each track are weighted by the relative
yield of each particle and summed up. Multiplying this variable for all tracks
per event, a likelihood value for a certain yield distribution is obtained. This
likelihood is maximized eventwise in the ﬁt. So, the likelihood value is given
by:
L({θα}) =
N Y
i=1
X
α
θαfα(qi,pi
tot,pi
t,φi,(dE/dx)i), (3.3)
where α = {e,π,K,p}, θα is the relative yield of the particle α per event,
N is number of tracks in an event, and fα(...) is the PDF for particle α.
The function is constructed such that:
X
α
θα = 1 (3.4)
The sum of all relative yields per event is unity.
The set of relative yields {θα}∗ for which L({θα}∗) becomes maximum
is the best estimate of true yields per event. The ﬁt was done in two steps:
ﬁrst the positron (electron) and the kaon yields are ﬁxed and the proton
yield is varied. During the second step the kaon yield is varied and theCHAPTER 3. DATA ANALYSIS 27
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Figure 3.15: Probability Density Functions for positively charged particles
from central Pb + Pb collisions at 158A GeV beam energy.
rest of the yields are ﬁxed. Further steps with adjusted input parameters
were done as a systematic check and no signiﬁcant variation of the results
was observed. The pion yield is extracted from the constraint as given in
equation 3.4. The particle yield ratio in an event is then given by the ratio
of relative yields obtained for this event.
From the technical point of view it is more convinient to minimize the fol-
lowing function:
l = −ln(L) (3.5)
The Minuit package was used for the minimization procedure. The de-
pendence of function l from equation 3.5 on the relative kaon and proton
yields for a single event is shown in ﬁgure 3.16. As a crosscheck of the
minimization with Minuit, a manual minimization was performed by a two-
dimensional loop over the relative kaon and proton yields. The position of
the manually obtained minimum was found to be in agreement with the
Minuit results (see ﬁgure 3.16).
In case of a low number of tracks per event problems are encountered
when applying the maximum likelihood method. One of them is the presence
of events with zero number of, for example, kaons. In this case the eventwise
kaon to pion ratio distribution develops a spike at zero, which inﬂuences the
calculation of the ﬂuctuations. For more details on the subject of spike
at zero see section 5.1.2. Systematic checks of the MLM were performed
for integer and negative representation of the yields in the event-by-event
ﬁt. It turns out that the event-by-event ﬁt with the integer particle yields
per event and/or with negative yields is not possible with the Minuit. The
ﬁt with integers has to be done manually and does not result in diﬀerence
of dynamical ﬂuctuations, while the ﬁt with negative yields is completely
unstable.CHAPTER 3. DATA ANALYSIS 28
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Figure 3.16: Dependence of the function l (equation 3.5) on the relative kaon
and proton yields for central Pb + Pb collisions at 158A GeV beam energy.
Solid lines show the position of the minimum found by Minuit, while the
dashed lines indicate the manually found minimum.
3.3 Extraction of dynamical ﬂuctuations
Dynamical particle ratio ﬂuctuations are deﬁned as follows. Let Nπ and NK
denote the numbers of measured charged pions and kaons, respectively, in an
event, then NK
Nπ is the kaon to pion ratio for this event. By measuring a set of
events, we can numerically calculate the mean and RMS for the distribution
of this event-by-event particle ratio and deﬁne the corresponding event-by-
event ﬂuctuations as:
σ =
RMS
MEAN
(3.6)
The statistical error of this variable is, neglecting the error in the mean,
δ(σ) =
σ
√
2Nev
, (3.7)
where Nev is the number of analysed events.
Deﬁned in this way, σ contains a non-dynamical contribution from ﬁnite-
number statistics and detector eﬀects (resolution, acceptance) and a “dy-
namical” contribution which may be connected with critical phenomena:
σ2 = σ2
stat + σ2
dyn, (3.8)
The non-dynamical contribution can experimentally be determined by a
careful event mixing technique. The idea of event mixing is to destroy
the correlations between particles which are present in the data events and
in this way to estimate pure statistical ﬂuctuations. During event mixing
tracks are randomly drawn from the real events, each time from a diﬀerentCHAPTER 3. DATA ANALYSIS 29
one. Thus the size of the event pool has to be larger than the maximum
number of tracks per event. Only events of the same centrality class (see
section 2.3.1) are used. An additional constraint is the total multiplicity of
registered charged particles in the acceptance which is kept the same as in
the real events. In this way mean values of the eventwise ratio distributions
from data and mixed events are as close to each other as possible. One
allows for a diﬀerence of mean values due to correlations between particles
which are present in the data events and removed from mixed events by
construction. After applying the described procedure one can determine
the ﬂuctuations of the particle yield ratio in the mixed events, the so called
σmix. The dynamical ﬂuctuations are then deﬁned as
σ > σmix : σdyn =
q
σ2 − σ2
mix,
σ < σmix : σdyn = −
q
σ2
mix − σ2, (3.9)
where the ﬁrst equation corresponds to an anti-correlation (broadening of
the distribution compared to the background) and the second to a correla-
tion (narrowing). The statistical error of this quantity is obtained by error
propagation and equation 3.7 as:
δ(σdyn) =
1
|σdyn|
√
2Nev
q
σ4 + σ4
mix (3.10)
3.4 Event and track cuts
To increase the quality of the data, one introduces certain event and track
cuts. The following event cuts have been used in this work. Values of these
cuts depend on the speciﬁc analysis task. They will be given in chapter 4.
Centrality selection by Eveto binning; rejection of events with failed dE/dx
evaluation (
P
dE/dx = 0); number of tracks used for the event-by-event ﬁt
is larger than Nmin; multiplicity cut, for rejection of outlier events. Track
cuts can be varied in order to either select only a small set of highest quality
tracks or to allow for more tracks but with less strict requirements. Typi-
cally, a tight and loose set of cuts was used in order to evaluate systematic
errors of the results (see section 3.5). The loose set of track cuts is described
as follows: number of found points is larger than 30 (MTPCs); number of
potential points is larger than 0 (in at least one VTPC and one MTPC);
at least 50% of potential points found (in MTPC’s); dE/dx value is smaller
than 1.8; track is in one of the ptot, pt, φ bins, which was successfully ﬁtted;
beam rapidity cut: (yproton < (ybeam − 1)) or ((yproton > (ybeam − 1)) and
(pt > 0.2)).CHAPTER 3. DATA ANALYSIS 30
3.5 Systematic errors due to track selection
The tight set of track cuts, used for evaluation of systematic errors, consists
of following track cuts: number of found points in VTPC1 is larger than 10;
number of found points in VTPC2 is larger than 10; number of found points
in MTPCs is larger than 30; at least 50% of potential points found; track
is ﬁtted to the primary vertex (iﬂag equal 0); x component of the impact
parameter is smaller than 4 cm; y component of the impact parameter is
smaller than 0.5 cm; dE/dx value is smaller than 1.8; track is in the ﬁtted
bin of the dE/dx container; beam rapidity cut: (yproton < (ybeam − 1)) or
((yproton > (ybeam − 1)) and (pt > 0.2)).Chapter 4
Results of the data analysis
4.1 Energy dependence
Before results of the analysis of the centrality dependence of dynamical
particle ratio ﬂuctuations will be discussed, one would ﬁrst like to validate
and verify the software routines, which were re-implemented, comparing to
the published NA49 results on the energy dependence of the ﬂuctuation
signal [32]. In this section the energy dependence of dynamical ﬂuctuations
of the K/π, p/π and K/p ratios and their comparison to previously obtained
results from an independent analysis will be presented. The description of
the background estimation (statistical ﬂuctuations) and the extraction of the
dynamical ﬂuctuations is described in section 3.3. Values of the Eveto and
multiplicity cuts which have been used for centrality selection and outlier
event removal are listed in table 4.1.
Beam energy, AGeV Eveto max Nacc min Nacc max
20 800 45 85
30 1350 80 150
40 1230 120 200
80 9800 260 380
158 8370 460 660
Table 4.1: Values of the Eveto and multiplicity cuts on accepted particles
Nacc used in the analysis of the energy dependence.
As example for the centrality selection used in this analysis the distri-
bution of the energy deposited in the Zero Degree Calorimeter of NA49 for
7% most central Pb + Pb collisions at 20A GeV beam energy is shown in
ﬁgure 4.1.
Figure 4.2 shows the distributions of the event-by-event kaon to pion
yield ratio for data and mixed events in central Pb + Pb collisions at all
beam energies available for NA49. The ratio distributions become broader
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Figure 4.1: Distribution of the energy measured by the Zero Degree
Calorimeter of NA49 for central Pb + Pb collisions at 20A GeV beam en-
ergy. The vertical line shows the cut value (3.5% most central collisions)
used for this data set.
with lower beam energy due to ﬁnite number statistics and ﬁnally run into
zero. A spike at zero for lowest SPS energies appears. Its eﬀect on the
dynamical ﬂuctuations will be discussed later. The dynamical ﬂuctuations
are positive due to two reasons as will be discussed in chapter 5: anti-
correlation between K and π and K+-K− correlations due to φ decay.
The relative widths of data and mixed events distributions together with
the dynamical ﬂuctuations are given in the legends. As expected statistical
ﬂuctuations decrease with increasing beam energy due to higher particles
multiplicities.CHAPTER 4. RESULTS OF THE DATA ANALYSIS 33
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Figure 4.2: Distributions of the event-by-event K/π ratio for data (points)
and mixed (histogram) events for 3.5% most central Pb + Pb collisions at
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The center of mass energy dependence of the dynamical ﬂuctuations
of the kaon to pion yield ratio is shown in ﬁgure 4.3. Systematic errors
were estimated using the variation of track cuts (see section 3.4) and are
shown as the gray band. An increase of the ﬂuctuations towards lower SPS
energies is observed. The results are shown for the standard and limited
total momentum ranges. The values of the dynamical ﬂuctuations are in a
good agreement with the published NA49 results, for which the momentum
range from 3 - 40 (120) GeV/c was used [32].
 (GeV) s
6 8 10 12 14 16 18
 
(
%
)
π
 
K
/
d
y
n
σ
0
1
2
3
4
5
6
7
8
9
10
p=3-40(120) GeV/c
p=3-16 GeV/c
published by NA49
Figure 4.3: Energy dependence of the dynamical ﬂuctuations of the kaon
to pion ratio for the 3.5% most central Pb + Pb collisions. Gray band
shows the estimated systematic error. The following momentum ranges
were considered: 3 - 40 GeV/c for 20A, 30A, 40A GeV and 3 - 120 GeV/c
for 80A and 158A GeV beam energies.
The distributions of the event-by-event proton to pion ratio for data
and mixed events for all measured NA49 energies is shown in ﬁgure 4.4.
The relative widths of data and mixed events distributions together with
the dynamical ﬂuctuations are given in the legends. As expected statistical
ﬂuctuations decrease with increasing beam energy due to higher particles
multiplicities. The extracted dynamical ﬂuctuations are negative, which
indicates a strong correlation between protons and pions present in the data.
This is most probably due to delta resonance decay. More details towards
this hypothesis will be discussed in chapter 5.CHAPTER 4. RESULTS OF THE DATA ANALYSIS 35
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Figure 4.4: Distributions of the event-by-event proton to pion ratio for data
(points) and mixed (histogram) events for the 3.5% most central Pb + Pb
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The dynamical ﬂuctuations of the proton to pion yield ratio as a function
of center of mass energy are shown in ﬁgure 4.5. We observe a 1% diﬀerence
of the results for the standard momentum range with that one published
by NA49 for the top SPS energy [32]. Note, that published values are the
average between the results for tight and loose track cuts, while our results
are for the loose set of track cuts. The same data set was analysed using the
same cut on centrality. A diﬀerent analysis [43] also results in 1% diﬀerence
as compared to the published value.
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Figure 4.5: Energy dependence of the dynamical ﬂuctuations of the proton
to pion ratio for the 3.5% most central Pb + Pb collisions. The estimated
systematic error is shown by the gray band.
Figure 4.6 shows the distributions of the event-by-event kaon to proton
yield ratios for data and mixed events for the beam energies 20A - 158A
GeV. The ﬂuctuations change their sign from positive (for the lowest SPS
energy) to negative (for 30A, 40A, 80A and 158A GeV).CHAPTER 4. RESULTS OF THE DATA ANALYSIS 37
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Figure 4.6: Distributions of the event-by-event kaon to proton ratio for data
(points) and mixed (histogram) events for the 3.5% most central Pb + Pb
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The energy dependence of the dynamical ﬂuctuations of the kaon to
proton yield ratio is shown in ﬁgure 4.7. The results on the K/p ﬂuctuations
are in agreement with a recent analysis presented in [43].
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Figure 4.7: Energy dependence of the dynamical ﬂuctuations of the kaon to
proton ratio for the 3.5% most central Pb + Pb collisions.
In contrast to the kaon to pion and proton to pion ratios, the dynamical
ﬂuctuations of the kaon to proton yield ratio is more sensitive to the selected
momentum range at higher beam energies. More studies on this subject will
be presented in [43].
4.2 Dependence on centrality bin size
So far the paradigm was to use as small a centrality bin size as possible to
reduce ﬂuctuations from centrality. However, the particle yield ratios should
be volume independent to ﬁrst order. Before investigating the centrality
dependence of particle ratio ﬂuctuations the eﬀect of the centrality bin size
on particle ratio ﬂuctuations has therefore to be studied for 158A GeV beam
energy (alternative would be to use minimum bias data set at 40A GeV, but
most probably particles multiplicities are too small to analyze particle ratio
ﬂuctuations). This investigation should help to select a proper centrality
bin size, which does not introduce a bias to the results and allows to use
a maximum on statistics. Thus we consider the study of the inﬂuence of
the centrality bin size as the ﬁrst step towards the centrality dependence
of particle yield ratio ﬂuctuations from NA49 data. Both central and semi-
peripheral (starting from centrality of 30%) events were considered. The
following bin sizes were studied: (0-3)%, (0-3.5)%, (0-5)%, (0-10)%, (0-
15)%, (0-17.5)% and (0-20)% as well as (30-33)%, (30-33.5)%, (30-35)%,
(30-40)%, (30-45)%, (30-47.5)% and (30-50)%.CHAPTER 4. RESULTS OF THE DATA ANALYSIS 39
4.2.1 Central events
The measured mean yields per event in the acceptance used for event-by-
event ﬁts for pions, kaons and protons as function of centrality bin size are
shown in ﬁgure 4.8. An almost linear decrease of the yields (except ﬁrst
several points) with increasing bin size is observed.
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Figure 4.8: Mean particle multiplicities as extracted from the event-by-event
ﬁt as a function of centrality bin width for central Pb + Pb collisions at 158A
GeV (data set 01J, see table 3.1). From left to right: pions, kaons, protons.
The dependence of the mean K/π and p/π ratios on the centrality bin
size is shown in ﬁgure 4.9.
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The distributions of the event-wise K/π and p/π ratios for data and
mixed events are shown in ﬁgure 4.10 for selected centrality bin sizes. The
plots for all centrality bin sizes can be found in Appendix A. The relative
widths of data and mixed events distributions together with the dynamical
ﬂuctuations are given in the legends. As expected statistical ﬂuctuations
increase with increasing centrality bin size.
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The extracted dependence of the relative width of the K/π ratio from
data and mixed events on the centrality bin size is shown in ﬁgure 4.11.
The width increases linearly with increasing bin size due to ﬁnite number
statistics.
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Figure 4.11: Relative width (in %) of data and mixed events as a function of
centrality bin width starting from most central Pb + Pb collisions at 158A
GeV (data set 01J, see table 3.1).
The dynamical ﬂuctuations of the K/π and p/π ratios as a function of
the centrality bin size is shown in ﬁgure 4.12.
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Figure 4.12: Dynamical ﬂuctuations of the K/π and p/π ratios as a function
of increasing centrality bin width for semi-central Pb + Pb collisions at 158A
GeV.
Comparison of the dependences from two data sets (01J and 01I) are
shown in ﬁgure 4.13.CHAPTER 4. RESULTS OF THE DATA ANALYSIS 42
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Figure 4.13: Comparison of dynamical ﬂuctuations of the K/π and p/π
ratios as a function of increasing centrality bin width for semi-central Pb +
Pb collisions at 158A GeV for data sets 01J and 01I.
A good agreement between results from the minimum bias data set from
2000 (low intensity, 01J) and the central data set from 1996 with a selected
centrality bin size of 3.5% is seen. However they both diﬀer by (1.5-2)%
from the data set from 2000 (high intensity, 01I). During the data taking in
2000 with high intensity beam (data set 01I) 256 time bins were used in the
MTPCs conﬁguration (instead of standard 512 time bins). The comparison
of the dE/dx resolution for the data sets 01I and 01J shows that in case of
reduced number of time bins the resolution becomes worse by (1.5-2)%. Also
all corrections have originally been tuned for 512 time bins, so in general the
quality of the dE/dx measurement is expected to be poorer for 256 time bins.
Thus the performance of the particle identiﬁcation by dE/dx measurement
decreases, and the systematic error of the dynamical ﬂuctuations of the
particle yield ratio increases. This might explain the diﬀerence in the results
observed in this analysis.
For both, K/π and p/π ratio ﬂuctuations only little bin size dependence is
seen. The diﬀerence between the results for a bin width of 3.5% and of 5%
is small (in the order of 0.5%). For the study of the centrality dependence
of the ﬂuctuation signal centrality bins of 5% and 10% (last for estimation
of the systematic errors) were chosen.
4.2.2 Semi-peripheral events
The same study as presented in section 4.2.1 was performed starting from
peripheral events (centrality of 30%) in order to check wether the same
dependences on bin width are observed as for the most central events. Dis-
tributions of the event-by-event K/π and p/π ratios are depicted in ﬁgureCHAPTER 4. RESULTS OF THE DATA ANALYSIS 43
4.14 for selected centrality bin sizes. The distributions for all considered bin
sizes can be found in Appendix A. The relative widths of data and mixed
events distributions together with the dynamical ﬂuctuations are given in
the legends. As expected statistical ﬂuctuations increase with increasing
centrality bin size.
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Figure 4.14: Distributions of the event-by-event K/π and p/π ratios for data
(points) and mixed events (histogram) for diﬀerent centrality bin width for
semi-peripheral Pb + Pb collisions at 158A GeV beam energy (data set
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Dynamical ﬂuctuations of the K/π and p/π ratios as a function of the
centrality bin size is shown in ﬁgure 4.15.
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Figure 4.15: Dynamical ﬂuctuations of the K/π and p/π ratios as a function
of centyrality bin width for semi-peripheral Pb + Pb collisions.
Observed dependences result in 5% systematic error on the K/π ratio
ﬂuctuations and in 2% systematic error on the dynamical ﬂuctuations of the
p/π ratio. These systematic errors will be considered in the study of the
centrality dependence of the ﬂuctuation signal.CHAPTER 4. RESULTS OF THE DATA ANALYSIS 45
4.3 Centrality dependence
As was shown in the previous subsection, the diﬀerence between small cen-
trality bin widths as e.g. 3.5% as used to study the energy dependence and
5% which will be used to study the centrality dependence is in general on
a 1 - 2% level and up to 5% for K/π ratio ﬂuctuations in more peripheral
events. To evaluate a systematic error a 10% bin size in centrality was also
analyzed. We have done systematic studies and used 10% bin size in cen-
trality. Both results will be presented in this subsection.
The centrality of the events was determined using the veto calorimeter
of NA49 which detects almost all beam particles and projectile spectators.
The distribution of the energy measured by the veto calorimeter in minimum
bias Pb + Pb collisions at 158A GeV is shown in ﬁgure 4.16. Vertical lines
show 5% centrality bins from 5 to 55%. This data set contains 59.9% most
central collisions.
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Figure 4.16: Distribution of the veto calorimeter energy for minimum bias
Pb + Pb collisions at 158A GeV. Vertical lines show 5% centrality bins from
5 to 55%. This data set contains 59.9% most central collisions.
The distributions of the event-by-event K/π and p/π ratios for data and
mixed events for selected centrality bins of minimum bias Pb + Pb collisions
at 158A GeV is shown in ﬁgure 4.17. Right shows the ratio of data to mixed
events. Plots for all considered centrality bins can be found in Appendix
B. The relative widths of data and mixed events distributions together with
the dynamical ﬂuctuations are given in the legends. As expected statistical
ﬂuctuations increase with decreasing centrality of Pb + Pb collisions.CHAPTER 4. RESULTS OF THE DATA ANALYSIS 46
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Figure 4.17: Distributions of the event-by-event K/π, p/π and K/p ratios
for data and mixed events for selected centrality bins of minimum bias Pb
+ Pb collisions at 158A GeV. Right panels show the ratio of data to mixed
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Around a centrality of 30% the multiplicity of kaons becomes low enough
(on average 10 kaons per event) developing a prominant spike at zero, which
is also observed in the distribution of the kaon to pion yield ratio at the
lowest SPS energy for 3.5% most central events. For peripheral Pb + Pb
collisions a large tail in the eventwise K/p ratio distribution is observed,
which is not seen in other ratios.
The centrality dependence of the dynamical ﬂuctuations of the K/π, p/π
and K/p ratios as the main result of this thesis is shown in ﬁgure 4.18.
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Figure 4.18: Centrality dependence of the dynamical ﬂuctuations of the kaon
to pion yield ratio for minimum bias Pb + Pb collisions at 158A GeV.Chapter 5
Discussion of the results
The Value of the K/π ratio ﬂuctuations increases with decreasing centrality
untill a centrality of 35% and then saturates at around 20%. By ratio ﬂuc-
tuations we mean the event-by-event dynamical ﬂuctuations of the particle
yield ratio. The point where ﬂuctuations start to saturate coincides with
the development of a pronounced spike at zero. One possible explanation
of such a saturation is that this artiﬁcial increase of entries at zero prevents
the data distribution from becomeing broader on the left side in comparison
to the distribution of the mixed events, thus the geometrical diﬀerence stays
constant.
The centrality of the collisions was translated into the number of wounded
nucleons per collision using model calculations [44]. The dependence be-
tween these two variables is almost linear.
The average extracted yields per event of the π, K and p as a function of
number of wounded nucleons are shown in ﬁgure 5.1.
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Figure 5.1: Average yields of π, K and p as a function of number of wounded
nucleons in Pb + Pb collisions at 158A GeV.
The kinky proton behaiviour can be explained as the variation of the
dn/dy shapes with centrality.
Figure 5.2 shows the dependence of the mean kaon to pion, proton to pion
and kaon to proton yield ratios on the number of wounded nucleons. The
49CHAPTER 5. DISCUSSION OF THE RESULTS 50
mean ratio goes up with increasing centrality.
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Figure 5.2: Dependence of the mean K/π (left top), p/π (right top) and
K/p (bottom) ratios on the number of wounded nucleons. The loose set of
track cuts was used here.
The kinky structures in the proton to pion and kaon to proton ratios are
due to the strucutres in the proton and kaon yields.
The dependence of the relative width of the eventwise kaon to pion, proton
to pion and kaon to proton yield ratios for data events on the number of
wounded nucleons is shown in ﬁgure 5.3. Due to ﬁnite number statistics the
relative width is decreasing with increasing centrality of Pb + Pb collisions.CHAPTER 5. DISCUSSION OF THE RESULTS 51
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Figure 5.3: Dependence of the relative width of the eventwise kaon to pion,
proton to pion and kaon to proton yield ratios distribution on the number
of wounded nucleons. The loose set of track cuts was used here.CHAPTER 5. DISCUSSION OF THE RESULTS 52
Figure 5.4 shows the dependence of the dynamical ﬂuctuations of the
K/π, p/π and K/p ratios on the number of wounded nucleons in Pb +
Pb collision at 158A GeV beam energy. Systematic errors shown here by
the band were estimated as the diﬀerence between results for the loose and
tight track cuts, taking also into account the observed dependence of the
dynamical ﬂuctuations on the centrality bin size. The points on the plots
represent the mean values of the results for two diﬀerent set of track cuts
and the results for 5% and 10% centrality bin widths. The absolute values
of the dynamical ﬂuctuations increase with the decreasing centrality. And
approaches zero for central Pb + Pb collisions. Saturation of the K/π and
K/p ratio ﬂucutations is observed for peripheral collisions which can be
attributed to the development of the spike at zero.CHAPTER 5. DISCUSSION OF THE RESULTS 53
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Figure 5.4: Dependence of the dynamical ﬂuctuations of the K/π, p/π and
K/p ratios on number of wounded nucleons in minimum bias Pb + Pb
collisions at 158A GeV. The band shows the estimated systematic error by
varying the track cuts and the centrality bin width. The points are the mean
values.CHAPTER 5. DISCUSSION OF THE RESULTS 54
Due to large multiplicity of protons no spike at zero in the distribution
of the proton to pion yield ratio even for peripheral collisions is observed.
Thus there is no leveling of the dynamical ﬂuctuations of the p/π ratio and
they follow the one over number of wounded nucleons scaling in the complete
range. Similar to the behaiviour of the dynamical ﬂuctuations of the kaon
to pion yield ratio we observe a leveling of the dynamical ﬂuctuations of the
K/p ratio but at the number of wounded nucleons of 100. We expect, that
this observation is also connected with low kaon multiplicity in peripheral
events.
The relative contribution of the spike at zero to the eventwise K/π and K/p
distributions is shown in ﬁgure 5.5 versus centrality of Pb + Pb collisions at
158A GeV beam energy. The enhanced ﬁrst bin exceeds the level of 2% at
a centrality of 30% for the K/π and of 40% for the K/p ratio distributions.
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Figure 5.5: The relative contribution of the spike at zero in the eventwise
K/π (left picture) and K/p (right picture) distributions for data events ver-
sus centrality of Pb + Pb collisions at 158A GeV beam energy.CHAPTER 5. DISCUSSION OF THE RESULTS 55
The centrality dependence of the dynamical ﬂuctuations of the K/π ratio
with the suppressed spike at zero is shown in ﬁgure 5.6. Instead of saturation
a decrease of the ﬂuctuations is observed for peripheral collisions.
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Figure 5.6: Centrality dependence of the dynamical K/π ratio ﬂuctuations
with the suppressed spike at zero for Pb + Pb collisions at 158A GeV beam
energy.
For the estimation of the systematic errors 10% bin size in centrality
was used. Comparison of the dynamical ﬂuctuations of the K/π ratio for
5% and 10 bin size in centrality of Pb + Pb collisions at 158A GeV is shown
in ﬁgure 5.7.
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Figure 5.7: Centrality dependence of the dynamical K/π ratio ﬂuctuations
for 5% and 10% bin sizes in centrality of Pb + Pb collisions at 158A GeV
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5.1 UrQMD simulations
The results in this section have been obtained with UrQMD version 1.3 [37]
by analyzing the freeze-out conﬁguration. Consequently, weak decays are
not included in the analysis since they are not implemented in the UrQMD
model. This is justiﬁed by the fact that the CBM experiment is able to
exclude secondary particles eﬃciently from the analysis by a cut on the track
impact parameter at the event vertex. However this might be problematic
for the NA49 experiment, which for example detects 50% of pions from K0
decay as primary pions.
5.1.1 Inﬂuence of detector acceptance
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Figure 5.8: Dynamical event-by-event ﬂuctuations of the kaon to pion (left)
and proton to pion (right) ratios as function of
√
s. The open circles show val-
ues obtained by UrQMD simulations in 4π, the closed ones NA49 data [45].
After the subtraction of the non dynamical background, a limited de-
tector acceptance may still aﬀect the measured ﬂuctuations. In the context
of resonance decays, the acceptance inﬂuences the mean multiplicities of in-
dependently produced particles serving as normalisation (see sections 5.2.1
and 5.2.2) and may destroy correlations of decay products.
In order to approximate the NA49 acceptance, we restrict our analysis
to tracks in the forward hemisphere and to momenta larger than 3 GeV [45].
In addition, particles near beam rapidity are cut to suppress projectile spec-
tators (rapidity should be smaller than beam rapidity - 0.5). Results for
the kaon to pion ﬂuctuations in 4π in the whole energy range measured by
NA49 are shown in Figure 5.8, those after the acceptance cuts in Figure 5.9,
both together with NA49 data [45]. The comparison of the two ﬁgures shows
that the acceptance has little eﬀect on the kaon to pion ratio; in particu-CHAPTER 5. DISCUSSION OF THE RESULTS 57
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Figure 5.9: Dynamical event-by-event ﬂuctuations of the kaon to pion (left)
and proton to pion (right) ratios as function of
√
s. The open circles show
values obtained by UrQMD simulations using approximated NA49 accep-
tance cuts, the closed symbols show NA49 data [45].
lar it does not introduce a signiﬁcant energy dependence. In contrast, the
acceptance strongly inﬂuences the proton to pion ratio ﬂuctuations, which
can be attributed to the fact that the proton spectators are cut out if re-
stricting the analysis to the NA49 acceptance. The numerical values of the
ﬂuctuations of various particle ratios in 4π and after NA49 acceptance cuts
are compared in Table 5.1 for central Au+Au collisions at 25A GeV beam
energy as relevant for the future experiment CBM at FAIR.
The UrQMD model results agree reasonably well with the earlier UrQMD
calculations [45], showing that the analysis algorithms are consistent as the
same UrQMD version was used. Small remaining diﬀerences can be ex-
plained by the use of only approximated acceptance cuts in this calculation
neglecting the incomplete azimuthal acceptance of NA49.
Particle ratio Dynamical ﬂuctuations (%)
4π after appr. NA49 acceptance cuts
(K++K−)/(π++π−) 2.5 ± 0.3 3.4 ± 0.6
(p+¯ p)/(π++π−) -5.56 ± 0.04 -7.0 ± 0.1
K+/π+ -6.1 ± 0.1 -6.1 ± 0.5
K+/π− -8.0 ± 0.1 -8.6 ± 0.3
K−/π+ -8.7 ± 0.3 -10.7 ± 0.7
K−/π− -7.3 ± 0.3 -6.7 ± 1.2
Table 5.1: Dynamical ﬂuctuations of various particle ratios in 4π and within
an approximated NA49 acceptance. Simulations with UrQMD for central
(b=0 fm) Au + Au collisions at 25A GeV beam energy.CHAPTER 5. DISCUSSION OF THE RESULTS 58
5.1.2 dE/dx resolution
The transport model UrQMD provides kinematics and particle ID of all
particles created in heavy ion collisions. So, within this model one has a
reference and can study eﬀects such like the inﬂuence of detector resolution
on dynamical ﬂuctuations. Since the spike at zero in the eventwise K/π ratio
is most pronounced at the lowest SPS energies, central Pb + Pb collisions
at 20A GeV beam energy were simulated using the UrQMD model version
1.3 [35]. Accepted tracks were selected according to the detailed NA49
acceptance table for this beam momentum and for the set of loose track
cuts [32]. The acceptance is shown in ﬁgure 5.10.
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Figure 5.10: Acceptance table for the NA49 detector. Calculated for 20A
GeV and integrated over φ bins.
For each accepted track a dE/dx value was simulated using the Probabil-
ity Density Functions (PDFs) from the inclusive ﬁt of the data events at 20A
GeV. The PDFs were tabulated in total momentum, transverse momentum
and azimuthal angle (ptot, pt and φ) and contain the mean dE/dx value and
the dE/dx resolution for each of these bins. These simulated dE/dx values
were processed through the same analysis procedure as tracks from data, i.e.
an inclusive ﬁt for obtaining the PDFs (for UrQMD) and the event-by-event
ﬁt for getting the kaon to pion ratio in each event was performed. For ref-
erence, kaons and pions were simply counted using the Monte Carlo (MC)
information. Figure 5.11 shows the distributions of the eventwise kaon to
pion ratio for the MC identiﬁcation and the event-by-event ﬁt.
As expected, the distribution becomes broader when going from MC
identiﬁcation to the event-by-event ﬁt including the dE/dx resolution. The
interesting observation is that in case of the event-by-event ﬁt the spike at
zero appears, as it was seen for data events. Obviously, this is a feature
appearing if kaon numbers are too small. One could avoid this spike at zeroCHAPTER 5. DISCUSSION OF THE RESULTS 59
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Figure 5.11: Distribution of the eventwise kaon to pion ratio for MC iden-
tiﬁcation and event-by-event ﬁt (left plot) and the diﬀerence between them
(right plot).
by allowing negative kaon yileds in the ﬁt. This was done as a check but
resulted in ﬁt instabilities. The ﬁt becomes unstable because the minimum
of the likelihood can not be found when allowing for negative yields.
After the event mixing procedure, which destroys all correlations inside the
real events and provides a statistical reference, dynamical ﬂuctuations of
the kaon to pion ratio were calculated for UrQMD events for both methods.
Figure 5.12 shows the distributions of the event-by-event kaon to pion ratio
for data and mixed events both for MC identiﬁcation (left plot) and the
event-by-event ﬁt (right plot.)
The dynamical ﬂuctuations are the same within errors for both methods,
so dE/dx resolution does not bias the result although the spike at zero
appears.
5.1.3 Centrality dependence
The eﬀect of dE/dx resolution on the dynamical ﬂuctuations of the K/π
ratio has been studied for peripheral Pb + Pb collisions were the spike at
zero in the eventwise ratio distribution is much larger. For this analysis
minimum bias Pb + Pb collisions at 158A GeV have been simulated using
the UrQMD model [35]. Simulated events were selected in 5% centrality
bins using the impact parameter of the collisions. The distribution of the
impact parameters for all events is shown in ﬁgure 5.13. Vertical lines show
the applied cuts.
In this study we have assumed perfect particle identiﬁcation, provided
by UrQMD, as well as the event-by-event ﬁt using the simulated dE/dx
values, as was described in the previous section. In order to estimate theCHAPTER 5. DISCUSSION OF THE RESULTS 60
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Figure 5.12: Distributions of the eventwise kaon to pion ratio for same and
mixed events both for MC identiﬁcation (left plot) and the event-by-event
ﬁt (right plot).
background, the same events were mixed only within the same centrality
class. The dynamical ﬂuctuations of the kaon to pion yield ratio in the 4π
acceptance as a function of centrality of the event is shown in ﬁgure 5.14.
In addition a possible acceptance eﬀect has been simulated by applying
the NA49 acceptance ﬁlter [32]. Centrality dependence of the dynamical
K/π ratio ﬂuctuations within the acceptance is shown in ﬁgure 5.15.
Both particle identiﬁcations methods start to diﬀer only for the very
peripheral Pb + Pb collisions. Approximately at the same centrality the
contribution of the spike at zero in the eventwise yield ratio distribution be-
comes more than 2%. So, this deviation from the MC truth can be attributed
to the artifact of the event-by-event ﬁt in case of low kaon multiplicity. For
20A GeV beam energy the contribution of the spike at zero is in the order
of 3%, thus if there is a bias in the results for the lowest SPS energy, than
the dynamical ﬂuctuations of the kaon to pion yield ratio are lowered.CHAPTER 5. DISCUSSION OF THE RESULTS 61
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Figure 5.13: Impact parameter distribution for minimum bias Pb + Pb
collisions at 158A GeV simulated with the UrQMD model. With vertical
lines a centrality selection in 5% bins is shown.
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Figure 5.14: Dynamical ﬂuctuations of the kaon to pion yield ratio in 4π as
a function of the centrality of Pb + Pb collisions at 158A GeV (simulations
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Figure 5.15: Dynamical ﬂuctuations of the kaon to pion yield ratio within
the acceptance of NA49 as a function of the centrality of Pb + Pb collisions
at 158A GeV. The results for the MC identiﬁcation and the event-by-event
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5.1.4 Resonance contributions in UrQMD
The K/π ﬂuctuations measured by NA49 refer to the sum of charged kaons
over the sum of charged pions. As resonances are expected to feed all chan-
nels, e.g. prominently the pπ channel but also Kπ, e.g. via K∗ decays,
we studied the single particle ratios K+/π+, K+/π− and vice-versa. Fig-
ure 5.16 shows the distributions of these ratios in central (b=0 fm) Au +
Au collisions at 25A GeV, both for same and mixed events together with
the numerical value of the dynamical ﬂuctuations. Remarkably, all of these
ﬂuctuations are negative, signalling a correlation due to resonance decays.
This holds also for the ratios K+/π+ and K−/π− which are fed by the
decay channels of the higher lying K1 resonance K1 → Kρ → Kππ and
K1 → K∗π → Kππ.
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Figure 5.16: Distributions of the event-wise particle ratios for same and
mixed events together with the values of dynamical ﬂuctuations. Simula-
tions done with UrQMD for central (b=0 fm) Au + Au collisions at 25A
GeV beam energy. Left column: sum of kaons over sum of pions (top), sum
of protons and anti protons over sum of pions (bottom). Middle and right
columns: single particle ratios.
To understand the relative importance of resonance feeddown for dy-
namical ﬂuctuations, the sources of kaons in UrQMD have been studied
using the full collision history. Figure 5.17 shows the contributions of vari-
ous resonances to the ﬁnal state kaons. About half of the K+ and one third
of K− originate from the decay of K∗, while the K1 is less often produced
and teherefore contributes less to the kaon yields. We thus can qualitativelyCHAPTER 5. DISCUSSION OF THE RESULTS 64
understand the source of the negative ﬂuctuations in the single particle K/π
ratios seen in UrQMD.
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Figure 5.17: Momentum distribution of K+ (left) and K− (right) generated
by UrQMD for central (b=0 fm) Au + Au collisions at 25A GeV beam
energy. Black lines show the momentum spectra of all K+/−, the other
distributions (momentum spectra of kaons from diﬀerent sources) are named
in the legends. The results were obtained by analysing the UrQMD collision
history ﬁle.
The positive ﬂuctuation value in the K/π ratio including all charges is
thus puzzling at ﬁrst sight. A possible reason can be φ meson decays, which
proceed alternatively into a kaon pair or into three pions, either directly
or via the ρ-meson. This introduces an anticorrelation for kaons and pions
which would be reﬂected in positive ﬂuctuations. However, according to
UrQMD the φ meson contributes only 1.5 % to the K+ and 4.3 % to the
K− yield. This puzzle will be resolved in the following section.
In order to check these qualitative considerations, UrQMD calculations
were performed suppressing all excited K and φ decays. The simulations are
again done for central (b=0 fm) Au + Au collisions at 25A GeV beam energy.
Table 5.2 summarises the results obtained in 4π. As expected, the proton to
pion ratio ﬂuctuations are not aﬀected at all by the supression of the strange
resonance decays. As can be seen from the numbers, the excited kaons indeed
change the K/π ratios towards smaller numbers. However the eﬀect is small.
Only the K/π ratio ﬂuctuations including all charges are stronger reduced.
The suppression of the φ decay leaves the single charged particle ratios
untouched while it slightly reduces the all charged K/π ﬂuctuations. Again,
this agrees qualitatively with the expectations. However, other sources of
correlations are obviously present in particular for the single particle ratios.CHAPTER 5. DISCUSSION OF THE RESULTS 65
Particle ratio Dynamical ﬂuctuations (%)
Standard no K∗ no φ
(K++K−)/(π++π−) 2.5 ± 0.3 6.7 ± 0.2 1.3 ± 0.5
(p+¯ p)/(π++π−) -5.56 ± 0.04 -5.59 ± 0.04 -5.51 ± 0.04
K+/π+ -6.1 ± 0.1 -3.6 ± 0.6 -6.3 ± 0.1
K+/π− -8.0 ± 0.1 -6.3 ± 0.3 -8.2 ± 0.1
K−/π+ -8.7 ± 0.3 -8.1 ± 0.3 -8.8 ± 0.3
K−/π− -7.3 ± 0.3 -6.6 ± 0.4 -7.3 ± 0.4
Table 5.2: Dynamical ﬂuctuations of various particle ratios calculated with
UrQMD. Values are shown in the 4π acceptance including all resonances
(”Standard”), and alternatively with a suppression of K∗ decays or φ-meson
decays.
It has to be noted that the suppression of the K∗ decay signiﬁcantly
inﬂuences the mean kaon yields, thus making other correlations more visible
(see sections 5.2.1 and 5.2.2). It is hence diﬃcult to get a more quantitative
insight into the resonance decay dynamics by using UrQMD in this manner.
5.2 Simulations with phase space models
In order to study the inﬂuence of resonance decays on the dynamical particle
ratio ﬂuctuations, we generate events containing kaons, pions and resonances
with given mean multiplicities and phase space distributions. For this study
we restrict ourselves to the 4π acceptance. Resonance decays are performed
for predeﬁned decay channels until stable daughters are reached. Thus,
their inﬂuence on the ﬂuctuations can be studied in an environment of a
ﬁxed number of independently produced particles.
The simulations were performed with mean multiplicites of pions and
kaons taken from UrQMD calculations for central Au + Au collisions at 25
AGeV beam energy. The resonance yields were treated as free parameters.
5.2.1 Inﬂuence of the K∗(892) decay
For a given mean number of independently produced pions and kaons, the
ﬂuctuations induced by the K∗ → K+π− decay can be obtained analytically
(see also [46]). The generic analytical exprssion for the σdyn is given by:
σdyn =
s
var(NK)
< NK >2 +
var(Nπ)
< Nπ >2 − 2
cov(NK,Nπ)
< NK >< Nπ >
, (5.1)
Assuming a Poissonian distribution of Nπ− and NK+, the relative width of
the event-wise K+/π− ratio distribution for same events consists of threeCHAPTER 5. DISCUSSION OF THE RESULTS 66
terms :
σ2
same =
1
< NK+ >
+
1
< Nπ− >
− 2
Cov(NK+,Nπ−)
< NK+ >< Nπ− >
(5.2)
In the mixed events all correlations are destroyed, and the third terms van-
ishes. Note that by construction, the mean multiplcities remain unchanged:
σ2
mixed =
1
< NK+ >
+
1
< Nπ− >
(5.3)
So we have σsame < σmixed (correlation) and according to (3.9), the dynam-
ical ﬂuctuations are
σdyn = −
q
σ2
mixed − σ2
same = −
s
2
Cov(NK+,Nπ−)
< NK+ >< Nπ− >
(5.4)
The number of kaons consists of independently produced particles (N
(p)
K+)
as well as products from resonance decays (< K∗ >  BR on average, where
BR = 50%). The same holds for pions. After calculating the covariance we
get
σdyn = −
v u
u
t 2  < K∗ >  BR
(< N
(p)
K+ > + < K∗ >  BR)(< N
(p)
π− > + < K∗ >  BR)
(5.5)
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Figure 5.18: Dynamical ﬂuctuations of the kaon to pion ratio calculated with
a generic model as function of the K∗(892) yield. Multiplicities of primary
pions and kaons are taken from UrQMD calculations for central Au + Au
collisions at 25 AGeV beam energy.
Figure 5.18 shows the result of this generic simulation together with
the analytical formula 5.5. A good agreement is observed. The absolute
value of the ﬂuctuations induced by the K∗ decay increases approximatly
proportional to the square root of the relative amount of K∗.CHAPTER 5. DISCUSSION OF THE RESULTS 67
5.2.2 Inﬂuence of the φ(1020) decay
With the same technique, the inﬂuence of the φ meson on the (K+ +
K−)/(π++π−) ratio ﬂuctuations was studied. The simulated decay scheme
of the resonance is shown in Figure 5.19, where only strong decays are con-
sidered.
−meson decay modes φ
φ
− K
+ K
49.2 %
0
L K
0
S K
33.7 %
0 π ρ
17.1 %
0 π 0 π
50 %
− π + π
50 %
Figure 5.19: The three most probable decay modes of the φ(1020) meson
Again, an analytical expression can be derived for the ﬂuctuations in-
duced by the φ decay. Because of the correlations between K+ and K−
and between π+ and π−, the ﬁrst two terms of the relative width of the
same-event distribution must be expressed in a more general way [46]:
σ2
same =
V ar(NK+) + V ar(NK−) + 2Cov(NK+,NK−)
< NK >2 +
V ar(Nπ+) + V ar(Nπ−) + 2Cov(Nπ+,Nπ−)
< Nπ >2 −
2
Cov(NK,Nπ)
< NK >< Nπ >
, (5.6)
Since NK+ and NK− are distributed Poissonian like, V ar(N) = N for all
particles involved, so that the width can be written as
σ2
same =
1
< NK >
+ 2
Cov(NK+,NK−)
< NK >2 +
1
< Nπ >
+ 2
Cov(Nπ+,Nπ−)
< Nπ >2 −
2
Cov(NK,Nπ)
< NK >< Nπ >
, (5.7)
For the mixed events the width is driven by statistics only:
σ2
mixed =
1
< NK >
+
1
< Nπ >
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Thus we have Cov(NK,Nπ) < 0 and σsame > σmixed. Now we can derive
the dynamical ﬂuctuations:
σdyn =
q
σ2
same − σ2
mixed =
s
2
Cov(NK+,NK−)
< NK >2 + 2
Cov(Nπ+,Nπ−)
< Nπ >2 − 2
Cov(NK,Nπ)
< NK >< Nπ >
(5.9)
Analogously to the case with K∗ we calculate the covariances and simplify
the last equation:
σdyn =
s
2  < φ >  BRK+K−
< NK >2 +
2  < φ >  BRπ+π−
< Nπ >2 − 2
Cov(NK,Nπ)
< NK >< Nπ >
(5.10)
In 4π acceptance we have Nπ >> NK and for the φ resonance BRπ+π− <<
BRK+K−, thus the two last terms can be neglected:
σdyn ≈
v u
u
t 2  < φ >  BRK+K−
(< N
(p)
K > +2  < φ >  BRK+K−)2
(5.11)
Again, the simulation results obtained by the generic resonance model
agree well with the derived formula as shown in Figure 5.20, supporting
the validity of the approximations performed in the derivation of 5.11. As
expected, the φ decay results in positive ﬂuctuations of the K/π ratio. The
ﬂuctuations increase approximatly proportional to the square root of the
φ/K ratio. Inspection of eq. 5.9 and 5.11 shows that these ﬂuctuations are
not primarily due to the anticorrelation of pion with kaon pairs but due to
the covariance of K+ and K−.
It should be noted that for small φ multiplicities, as is the case for central
Pb + Pb collisions at 20A - 30A GeV beam energy, the magnitude of the
dynamical ﬂuctuations induced by the φ decay is a steep function of the φ
multiplicity, however is small in total value. Transport models should there-
fore be checked whether they reproduce the measured φ yield. This holds
in principle for all resonances. However, for the range of φ multiplicities
allowed by the experimental uncertainties, the ﬂuctuations obtained by our
model are well below the K/π ratio ﬂuctuations measured by NA49.
5.3 Scaling of the dynamical ﬂuctuations
In order to understand the nature of the dynamical ﬂuctuations of the par-
ticle yield ratios one would like to investigate dependence of those on the
number of particles per event in the acceptance. As will be discussed in this
section argument of the dependence is diﬀerent for diﬀerent particle ratios.CHAPTER 5. DISCUSSION OF THE RESULTS 69
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Figure 5.20: Dynamical ﬂuctuations of the kaon to pion ratio obtained by
a generic model as function of the φ(1020) yield. Multiplicities of primary
pions and kaons are taken from UrQMD calculations for central Au + Au
collisions at 25 AGeV.
The dynamical ﬂuctuations of the proton to pion yield ratio can be approx-
imated by the correlation term only from the following equation:
σ
p/π
dyn ≈ −
s
cov(Np,Nπ)
< Np >< Nπ >
= −
s
(< Np >< Nπ >)α
< Np >< Nπ >
(5.12)
Here the covariance was assumed to be the product of the mean particle
multiplicities to the power of α. In case of resonance contributions this
parameter α has to be equal to 0.5 (geometrical mean of the particle yields
in the acceptance). Figure 5.21 illustrates the dependence of the event-by-
event proton to pion ratio ﬂuctuations on the product of the mean particle
multiplicities, comparing the measured energy and centrality dependence of
NA49.
The data were ﬁtted with equation 5.12 and parameters α were extracted
for both energy and centrality dependence of the proton to pion yield ratio
ﬂuctuations: α = 0.66±0.12 for the energy dependence and α = 0.51±0.03
for the centrality dependence. The fact that both dependencies follow a
common scaling as deﬁned in equation 5.12 strongly supports that the dy-
namical ﬂuctuations of the proton to pion yield ratio originate from the
correlation induced by the baryonic resonance decay into protons and pions.
Since NK ≪ Nπ, the dominating term in the equation for the dynamical
ﬂuctuations of the K/π ratio is the kaon term:
σ
K/π
dyn ≈
s
var(NK)
< NK >2 (5.13)CHAPTER 5. DISCUSSION OF THE RESULTS 70
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Figure 5.21: Dynamical ﬂuctuations of the proton to pion yield ratio as a
function of the product of the mean proton and pion multiplicities.
So, one can expect that the dynamical ﬂuctuations of the kaon to pion
yield ratio scale with 1/NK. The dependence of the ﬂuctuations signal on
the number of kaons in the acceptance is shown in ﬁgure 5.22 again for both,
the energy and centrality dependence.
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Figure 5.22: Dynamical ﬂuctuations of the kaon to pion yield ratio as a
function of the mean kaon multiplicity.
In the region of low kaon multiplicities, the results for the energy and
centrality dependencies are clearly diﬀerent and they do not follow a com-
mon scaling. A possible explanation can be the fact that in peripheral Pb
+ Pb collisions kaons are created in smaller volume, and since strangeness
production is correlated with the volume, enhancement of ﬂuctuations for
this events can be expected. Calculations with percolation model will beCHAPTER 5. DISCUSSION OF THE RESULTS 71
performed in future.
It is diﬃcult to deﬁne the leading term for the K/p ratio ﬂuctuations, since
NK ≈Np. In any case, the energy and centrality dependence of the dynam-
ical K/p ratio ﬂuctuations do not scale in the same way. More studies are
needed in this direction.
In order to compare the measured energy and centrality dependences of
the K/π ratio ﬂuctuations with results obtained by the STAR collaboration
these ﬂuctuations were plotted versus midrapidity yields of charged particles
(see ﬁgure 5.23).
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Figure 5.23: The measured energy and centrality dependences as function
of midrapidity yields of charged particles.
Both dependences are stipper than the results measured by STAR, but
they agree with each other within the errors.
5.4 Conclusion
In this work measured by NA49 experiment energy and centrality depen-
dences of the event-by-event dynamical ﬂucutations of particle yield ratios
were presented.
The energy dependence of the K/π ratio ﬂuctuations shows increase to-
wards lower beam energies, which is not reproduced by the transport model
UrQMD. The behaviour of the p/π ratio ﬂuctuations is in a good agreement
with the results obtained from the transport code. The measured energy
dependence of the K/p ratio ﬂuctuations has change of sign and diﬀers from
the results of the Monte Carlo simulations.
Centrality dependence was studied with bins in centrality of Pb + Pb col-
lisions with width of 5% and 10% for estimation of the systematic errors.
Additional systematic errors were obtained by varying the set of track cutsCHAPTER 5. DISCUSSION OF THE RESULTS 72
as was already explained. The measured centrality dependence of particle
ratio ﬂucutations at 158A GeV beam energy indicate an increase of the ab-
solute value of the dynamical ﬂuctuations with decreasing centrality for all
considered particle yield ratios. A saturation of the dynamical ﬂuctuations
of the K/π and K/p ratios was observed for centralities below 35% and 45%
respectively. This eﬀect was explained by development of pronounced spike
at zero in the eventwise ratio distributions.
The dynamical ﬂuctuations of the p/π ratio follow scaling with number of
accepted pions and protons, indicating that the signal originates from the
resonance feed down. Concerning the scaling of the K/π ratio ﬂuctuations,
energy and centrality dependences of this observable behaive diﬀerently as
a function of number of kaons in the acceptance, indeed the centrality de-
pendence is steeper than the energy dependence. Scaling of the K/p ratio
ﬂuctuations is the subject for futher studies.
Eﬀect of the dE/dx resolution on the dynamical ﬂuctuations of the K/π
ratio was studied and it was found out that ﬁnite identiﬁcation capabilities
play role only in the very peripheral Pb + Pb collisions at 158A GeV beam
energy and have no eﬀect on the results for 20A GeV beam energy.
Concerning the origin of the K/π ratio ﬂuctuations in the UrQMD model,
the φ meson, decaying into pair of kaons, was proposed as the source of the
positive ﬂuctuations.Chapter 6
The CBM experiment
The Compressed Baryonic Matter (CBM) is a future ﬁxed target heavy-ion
experiment at Facility for Antiproton and Ion Research (FAIR). Highest
baryon densities will be created in A + A collisions at 10A - 35A GeV beam
energy range. The goal of the experiment is to explore the properties of super
dense nuclear matter, looking for in-medium modiﬁcations of hadrons, phase
transition from dense hadronic matter to quark gluon plasma and for the
critical point on the phase diagram of strongly interacting matter which is
shown in ﬁgure 6.1.
Figure 6.1: Sketch of the phase diagram of strongly interacting matter.
At high temperatures and zero baryon chemical potential there is a region
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of crossover. The LHC expriments will investigate the phase diagram in
this region. While the FAIR will explore the region of high baryon chemical
potentials and moderate temperatures, where the ﬁrst order phase transition
occurs. This ﬁrst order phase transition line ends with the critical point,
existance and exact location of which is one of the subjects for the CBM
experiment.
CBM will measure rare and penetrating probes such as dilepton pairs from
light vector mesons and charmonium, open charm, multistrange hyperons
together with collective hadron ﬂow and ﬂuctuations in heavy ion collisions.
Fundamental aspects of Quantum Chromodynamics and astrophysics will
be covered in the program of the CBM experiment: the equation of state
of strongly interacting matter at high baryon denstities, the restoration of
chiral symmetry, the origin of hadron masses, the conﬁnement of quarks
in hadrons, the structure of neutron stars, the dynamics of core-collapse of
supernovae.
6.1 Detector design
The major experimental challenge for CBM is posed by the extremely high
interaction rates of up to 107 events/second. These conditions require un-
precedented detector performances concerning speed and radiation hardness.
The detector signals are processed by a high-speed data acquisition and an
online event selection system [47].
6.1.1 Micro vertex detector (MVD)
The Micro Vertex Detector will measure primary and secondary vertices
with an ultimate precision. It consists of two detector planes based on
Monolithic Active Pixel Sensor (MAPS) technology which are mounted in
vacuum. With a small-size prototype a position resolution of 3µm was
achieved. Current task of R&D is an improvement in read-out time and
radiation hardness [48].
6.1.2 Silicon tracking system (STS)
The Silicon Tracking System (STS) serves for track measurement and for
determination of primary and secondary vertices [49, 50, 51]. The current
STS layout consists of minimum 8 layers (see ﬁgure 6.3) and is placed in-
side a magnetic dipole ﬁeld which provides the bending power required for
momentum determination with an accuracy of ∆p/p = 1%.
The STS has to fulﬁll the following requirements: material budget below
0.3% radiation length per layer to reduce multiple scattering, hit resolution
of about 10 µm to achieve a vertex resolution of about 50 µm along the
beam axis, radiation hardness up to a dose of 50 MRad corresponding toCHAPTER 6. THE CBM EXPERIMENT 75
Figure 6.2: Sketch of the CBM detector. The beam comes from the left
side. From left to right: Micro Vertex Detector and Silicon Tracker System
inside of the dipole magnet, Ring Imaging Cherenkov detector, Transition
Radiation Detectors, Time of Flight wall, Electromagnetic Calorimeter.
the dose accumulated in ten years of running and read-out times of less then
25 ns to accommodate reaction rates of 10 MHz.
One possible technology are Silicon microstrip detectors. The current layout
foresees a pitch of 50 µm and three diﬀerent strip lengths of 20, 40 and 60
mm. The strips are arranged such that the occupancy is below 2% for a
central Au+Au collision at 25 AGeV. The detectors will be double sided
with a stereo angle of 15◦ between the strips which has to be optimized by
simulations
6.1.3 Ring imaging cherenkov (RICH) detectors
The RICH detector is designed to provide identiﬁcation of electrons and
suppression of pions in the momentum range of electrons from low-mass
vector-meson decays. The actual layout of the RICH detector consists of
a radiator, a mirror and a photon detector. The glass window of the pho-
tomultipliers is covered with wave-length shifter (WLS) ﬁlms in order to
increase the absorption of Cherenkov photons [52].
A cruicial task is to match the rings to the charged particle tracks. If
the track position at the mirror can be determined with an accuracy of 200CHAPTER 6. THE CBM EXPERIMENT 76
Figure 6.3: Sketch of the Silicon Tracking System. Tracking stations, sup-
port structure, cables and readout electronics are shown.
µm, and assuming a momentum resolution of 1%, the mismatch of pions to
electron rings is less than 10−3 per event. This number will be considerably
improved when taking into account particle identiﬁcation by time-of-ﬂight
measurement and by the TRD.
6.1.4 Transition radiation detector(TRD)
Three Transition Radiation Detector stations will serve for particle tracking
and for the identiﬁcation of high energy electrons and positrons (γ > 2000)
which are used to reconstruct J/ψ mesons. According to simulations which
are based on the experience obtained with the development of the TRD for
ALICE and of the TRT for ATLAS, pion suppression factors of up to 200
(for momenta above 2 GeV/c) at an electron eﬃciency of better than 90%
can be achieved [53].
The major technical challenge is to develop highly granular and fast gaseous
detectors which can stand the high rate environment of CBM in particular
for the inner part of the detector planes covering forward emission angles.
For example, at small forward angles and at a distance of 4 m from the
target, we expect particle rates of more than 100 kHz/cm2 for 10 MHz min-
imum bias Au+Au collisions at 25 AGeV. In a central collision, particle
densities of about 0.05/cm2 are reached. In order to keep the occupancy
below 5% the size of the smallest types cell should be about 1 cm2.
6.1.5 Resistive plate chambers (RPC)
An array of Resistive Plate Chambers will be used for hadron identiﬁcation
via TOF measurements. The TOF wall is located about 10 m downstream
of the target and covers an active area of about 120 m2. The required timeCHAPTER 6. THE CBM EXPERIMENT 77
resolution is about 80 ps. For 10 MHz minimum bias Au+Au collisions
at 25 AGeV the innermost part of the detector has to work at rates up
to 20 kHz/cm2. At small deﬂection angles the pad size is about 5 cm2
corresponding to an occupancy of below 5% for central Au+Au collisions at
25 AGeV. With a small-size prototype a time resolution of about 90 ps has
been achieved at a rate of 25 kHz/cm2. Future R&D concentrates on the
rate capability, low resistivity material, long term stability and realization
of large arrays with overall excellent timing performance [54].
6.1.6 Electromagnetic calorimeter (ECAL)
The elctromagnetic calorimeter will be used to measure direct photons, neu-
tral mesons decaying into photons, electrons and muons. Simulations and
R&D have been started based on shashlik type detector modules as used in
HERA-B, PHENIX and LHCb [55]. Particular emphasis is put on a good
energy resolution and a high pion suppression factor.
6.1.7 Muon chambers (MUCH)
An alternative option for the CBM experiment, namely muon measurement,
is considered. It consists out of iron/carbon absorber layers with tracking
stations in between, so called muon chambers [56]. This setup will not be
discussed in details in the current work because there is no possibility for
hadron measurement after the absorbers.
6.1.8 Projectile spectator detector (PSD)
The Projectile Spectator Detector (PSD) will measure the forward energy
near the beam axis carried by projectile spectator nucleons and fragments.
This measurement will allow to determine the number of nucleons par-
ticipating in the nucleus-nucleus collision, and thus the collision central-
ity, on an event-by-event base. The detector concept is a compensating
hadron calorimeter consisting of lead-scintillator sandwich modules with sil-
icon photomultiplier light readout. A relative energy resolution of less than
50%/
p
E[GeV ] is aimed at.
6.2 Event reconstruction
The development of the current simulation and analysis framework has
started at the end of 2003. The framework is completely ROOT based.
The modiﬁed HADES geometry interface used in this framework enables
the user to select (on the ﬂy) between the new ROOT Geometry Modeler
and the Geant3 native geometry to describe the detectors. The simulation
is based on the Virtual Monte Carlo concept, which was developed by theCHAPTER 6. THE CBM EXPERIMENT 78
ALICE collaboration and allows to select diﬀerent engines (Geant3, Geant4,
Fluka) for the transport of tracks. Moreover the analysis is organized using
the ROOT Task mechanism.
The CBM experiment will collide heavy ions in the momentum range from
10A to 45A GeV (Z/A = 0.5) at 10 MHz interaction rate for rare probes.
This means that tracking algorithms have to be not only eﬃcient but also
very fast in order to allow online event selection. In this section the track
reconstruction in STS, TRD and global tracking will be discussed.
6.2.1 STS tracking
STS is the second detector after the target (ﬁrst station is placed at 30 cm
after the target), thus track reconstruction in this device is a quite chal-
lenging task due to the high track and hit density and the nonhomogeneous
magnetic ﬁeld (see ﬁgure 6.4).
Figure 6.4: Visualization of the tracks, created in one central Au + Au
collision at 25A GeV, inside the dipole magnet (1 m length).
In central Au + Au collision at 25A GeV about 600 - 700 tracks are
accepted in the STS. A dedicated tracking algorithm, named Cellular Au-
tomaton (CA), was developed. The CA method creates short track seg-
ments in neighbouring detector planes and links them into tracks. Being
essentially local and parallel the CA algorithm avoids exhaustive combina-
torial searches. It internally uses a Kalman Filter for the track parameter
propagation [57]. Note, that this algorithm requires four consequitive hits
in order that a track can be reconstructed.
Here, the STS setup with double-sided micro strip detectors only was stud-
ied. Eight stations of the STS were considered. No charge sharing between
the strips but simple Gassian smearing of the hit position in the STS detec-
tor was implemented. The cbmroot trunc version (revision number 6025)CHAPTER 6. THE CBM EXPERIMENT 79
was used as a simulation tool.
Track ﬁnding eﬃciency as a function of momentum is shown in ﬁgure 6.5.
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Figure 6.5: Eﬃciency of the track reconstruction in STS. Left picture -
all tracks, right picture - primary vertex tracks (selected by cut on the
track impact parameter). Solid line shows the average eﬃciency for the
momentum range from 1 GeV/c to 10 GeV/c.
After ﬁnding a track, its parameters are determined using the Kalman
Filter. The momentum resolution as a function of momentum is depicted in
ﬁgure 6.6.
6.2.2 TRD tracking
The TRD setup with three stations each consisting out of four monolithic
layers was used in this simulation. Realistic detector response was imple-
mented by angular-dependent strip-like smearing of the hit positions with
resolutions in the order of σx=300-500µm in the transverse and σy= 2.7-
33mm in the longitudinal direction.
There are two approaches for the track reconstruction in the TRD: a stan-
dalone method which creates tracklets in diﬀerent stations and connects
them. Second, a 3D track following algorithm based on seeds from the STS.
Tracks, reconstructed in the STS, are extrapolated to the ﬁrst TRD sta-
tion. Hits, which satisfy a searching criterium, are attached to the track.
Afterwards track parameters are updated using the Kalman Filter and the
track is propagated to the next station. Both methods show comparable
eﬃciency, but the second is faster, because it does not need a combinatorial
search. The eﬃciency of the track reconstruction as a function of momen-
tum for the second approach is shown in ﬁgure 6.7. The eﬃciency drops
down at lower momentum due to multiple scattering in the TRD material.
The Advantage of the second method is that one does not need to mergeCHAPTER 6. THE CBM EXPERIMENT 80
Figure 6.6: Momentum resolution as a function of momentum, obtained by
ﬁtting the tracks.
STS and TRD tracks, this is directly included in the tracking itself. In the
standalone method tracks need to be merged.
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Figure 6.7: Eﬃciency of the track reconstruction in the TRD. Left picture -
all tracks, right picture - primary vertex tracks. Solid line shows the average
eﬃciency for momentum range from 1 GeV/c to 10 GeV/c.
6.2.3 Global tracking
After the track is reconstructed in STS and TRD (for the standalone algo-
rithm track segments also have to be merged) it is reﬁtted using the Kalman
Filter. Then track parameters at the last TRD station are propagated to the
TOF wall and the closest TOF hit is attached to the track. Only one TOFCHAPTER 6. THE CBM EXPERIMENT 81
hit can be attached to one global track. After merging with TOF is done,
the track is reﬁtted and the length of the trajectory is calculated starting
from the primary vertex to the TOF hit.
The segmented pad like setup of the CBM TOF wall was implemented in
the current simulation (with pad size 2x2 cm2). The wall has eight gaps and
produces a hit with realistic time responce out of eight Monte Carlo points
created by a charged track during the simulation.
The eﬃciency of the global tracking is shown in ﬁgure 6.8. For tracks with
p > 1GeV/c an eﬃciency of 86.4% is achieved.
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Figure 6.8: Global tracking eﬃciency. Includes tracking in STS, TRD and
merging with TOF. The solid line shows the average eﬃciency for momentum
range from 1 GeV/c to 10 GeV/c.
6.3 Hadron identiﬁcation
In the CBM experiment hadrons will be identiﬁed using a TOF wall, which
is placed 10 m after the target. A simultaneous measurements of track the
length l (assuming that the particle comes from the main vertex) and the
time-of-ﬂight t provides the velocity of a particle β = l
ct. Knowing the
momentum p from the track ﬁt in the STS one can calculate the squared
mass as
m2 = p2(
1
β2 − 1) (6.1)
If the time resolution σt dominates over uncertainties in momentum and
track length measurements, the squared mass resolution is given by
σm2 = 2p2c2t
l2 σt (6.2)CHAPTER 6. THE CBM EXPERIMENT 82
According to this, the squared mass resolution is proportional to the
square of the momentum, thus at some momentum value the separation
power will be limited and one will missidentify pions, kaons and protons.
Here we assume a time resolution of 80 ps. The squared mass spectrum
of reconstructed particles in central Au + Au collisions at 25A GeV beam
energy (simulated with UrQMD) is shown in ﬁgure 6.9.
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Figure 6.9: The squared mass spectrum of reconstructed particles. Projec-
tions for p = 1, 3 and 5 GeV/c are shown.
For each momentum bin three Gaussians where ﬁtted to the squared
mass distribution. Since the squared mass resolution is independent on mass,
the width of these peaks were assumed to be the same. The position of each
peak was ﬁxed to the value of the true mass squared. So, in total there are
4 free parameters in the ﬁt: the common width and three amplitudes. Only
for low momenta (less then 2 GeV/c), where shift in mass due to energyCHAPTER 6. THE CBM EXPERIMENT 83
loss becomes important, peak positions were released. The squared mass
resolution (equation 6.2) as a function of momentum is shown in ﬁgure 6.10.
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Figure 6.10: The squared mass resolution as a function of momentum. Two
dashed horisontal lines show the border for a two sigma separation between
kaons and pions (bottom), protons and pions (top).
Since the aim is to study the eventwise kaon to pion ratio, kaons and
pions have to be identiﬁed on a track-by-track basis. In order two identify
kaons, a window around the true kaon mass squared was used. The initial
width of the window is ±2σm2. Due to the pion contamination the border
next to pions of the window was shifted to the right to reach an overall
purity of 50%. If the particle has a squared mass value that lies inside
this window, it is identiﬁed as a kaon. The momentum distribution of all,
accepted, reconstructed and identiﬁed K+ is shown in ﬁgure 6.11.
Transverse momentum distribution at midrapidity of K+ is shown in
ﬁgure 6.12.
The phase space distribution of primary hadrons are shown in ﬁgure 6.13.
Three cases are considered: all particles, accepted tracks, reconstructed and
identiﬁed particles. Table 6.1 shows corresponding eﬃciencies for each par-
ticle type.
particle geometrical reconstruction and total
acceptance (%) identiﬁcation eﬃciency (%) eﬃciency (%)
π+ 41.9 80.9 33.9
K+ 38.0 56.9 21.6
p 57.8 67.1 38.8
Table 6.1: Values of geometrical acceptance, reconstruction and identiﬁca-
tion eﬃciency for primary hadrons from central Au + Au collisions at 25A
GeV beam energy.CHAPTER 6. THE CBM EXPERIMENT 84
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Figure 6.11: Momentum distribution of K+ from central Au + Au collisions
at 25A GeV beam energy: dashed line - all particles; solid line - accepted
particles; ﬁlled region - reconstructed and identiﬁed tracks with purity of
50%.
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Figure 6.12: Transverse momentum distribution at midrapidity of K+ from
central Au + Au collisions at 25A GeV beam energy: dashed line - all
particles; solid line - accepted particles; ﬁlled region - reconstructed and
identiﬁed tracks with purity of 50%.CHAPTER 6. THE CBM EXPERIMENT 85
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Figure 6.13: Phase space coverage of primary hadrons from central Au +
Au collisions at 25A GeV beam energy: top row - all particles, middle row
- accepted tracks, bottom row - reconstructed and identiﬁed particles (time
resolution 80 ps, purity of kaon identiﬁcation 50 %).CHAPTER 6. THE CBM EXPERIMENT 86
6.3.1 Hadron ID with CBM at SIS 100
In order to investigate the feasibility of hadron identiﬁcation with CBM at
SIS 100, central Au + Au collisions at 4A GeV beam energy were simulated
with UrQMD and transported through the same setups of the STS and TOF
as explained in the previous section. No scaling of the magnetic ﬁeld was
performed. No intermediate tracking was used in this study.
The squared mass distribution of reconstructed tracks is shown in ﬁgure 6.14.
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Figure 6.14: The squared mass spectrum of reconstructed tracks from central
Au + Au collisions at 4A GeV beam energy. Projection for p = 1 GeV/c is
shown.
The phase space coverage of primary hadrons from central Au + Au
collisions at 4A GeV beam energy is shown in ﬁgure 6.15.
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Figure 6.15: Phase space coverage of reconstructed and identiﬁed primary
tracks from central Au + Au collisions at 4A GeV beam energy.
Transverse momentum distribution at midrapidity of K+ is shown in
ﬁgure 6.16.
In the light version of the CBM setup, one might consider moving TOFCHAPTER 6. THE CBM EXPERIMENT 87
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Figure 6.16: Transverse momentum distribution at midrapidity of K+ from
central Au + Au collisions at 4A GeV beam energy.
wall closer to the interaction point (approximately 4 meters), in order to
detect kaons before they decay.CHAPTER 6. THE CBM EXPERIMENT 88
6.4 Event-by-event ﬂuctuations of the kaon to pion
yield ratio
The dynamical ﬂuctuations of the kaon to pion yield ratio were extracted
as was explained in the introduction chapter.
6.4.1 Simulations with UrQMD
Simulations, described here, were done with UrQMD v1.3 for central (b =
0 fm) Au + Au collisions at 25A GeV.
The dependence of the relative width of same and mixed events kaon to
pion ratio distributions on the average number of kaons in the acceptance is
shown in ﬁgure 6.17. The increase of σsame towards lower number of accepted
kaons is explained by the ﬁnite number statistics and is reproduced in the
mixed events, so this eﬀect can be corrected for.
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Figure 6.17: Relative width of eventwise kaon to pion ratio distribution for
same events as a function of average number of kaons in the acceptance.
The purity of the kaon identiﬁcation plays an important role in the anal-
ysis of dynamical ﬂuctuations since it introduces limitations on the momen-
tum range of identiﬁed particles. We have studied the eﬀect of purity on
dynamical ﬂuctuations of the kaon to pion ratio (see ﬁgure 6.19). In addition
we applied momentum cut (which corresponds to certain purity) in case of
MC identiﬁcation (see ﬁgure 6.18 for corresponding momentum cut values).
Both real and MC identiﬁcation show comparable results and indicate
an increase of dynamical ﬂuctuations when limiting the momentum interval.
The important conclusion is that particle identiﬁcation procedure does not
introduce any signiﬁcant bias to the dynamical ﬂuctuations of the kaon to
pion ratio.CHAPTER 6. THE CBM EXPERIMENT 89
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Figure 6.18: Dependence of the upper momentum cut on the required purity
of the kaon identiﬁcation.
Distributions of the event-by-event kaon to pion yield ratio for all par-
ticles (4π) and reconstructed and identiﬁed tracks is shown in ﬁgure 6.20.
CBM setup as explained in context of the hadron identiﬁcation.
Extracted dynamical ﬂuctuations in 4π: (2.6 ± 0.2)%, after reconstruc-
tion and identiﬁcation with purity of 50%: (2.8±0.7)%. The interesting fact
is that dynamical ﬂuctuations are present in UrQMD and they are positive.
Inﬂuence of ghost tracks and misidentiﬁcation on the dynamical ﬂuctuations
was studied. Results in case of considering only correctly reconstructed and
identiﬁed tracks is shown in ﬁgure 6.21. The dynamical ﬂuctuations are
(2.8 ± 0.6)%.
The values in 4π acceptance and after reconstruction and identiﬁcation
are comparable within the statistical errors. Ghost tracks introduce an in-
crease of the dynamical ﬂuctuations, thus we have systematic error of 0.2%.
For comparison, eventwise distributions of the kaon to pion yield ratio
for same and mixed events for the purity of kaon identiﬁcation 99% is shown
in ﬁgure 6.22.
In contrast to the NA49 experiment, there is no spike at zero developed in
the distribution even for such an extreme case as 99% purity of identiﬁcation,
which corresponds to the upper momentum cut of 3.2 GeV/c.CHAPTER 6. THE CBM EXPERIMENT 90
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Figure 6.19: Dynamical ﬂuctuations of the kaon to pion ratio as a function
of purity of kaon identiﬁcation.
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Figure 6.20: Distribution of the event-by-event kaon to pion yield ratio for
same (points) and mixed (histogram) events. Left picture - all particles,
right picture - reconstructed and identiﬁed (with 50% purity) tracks.CHAPTER 6. THE CBM EXPERIMENT 91
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Figure 6.21: Distribution of the event-by-event kaon to pion yield ratio
for same (points) and mixed (histogram) events for correctly reconstructed
tracks using MC identiﬁcation.
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Figure 6.22: Distribution of the event-by-event kaon to pion yield ratio for
same (points) and mixed (histogram) events for purity of kaon identiﬁcation
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6.4.2 Sensitivity test with Toy Model
Since the origin of positive dynamical ﬂuctuations of the kaon to pion yield
ratio in UrQMD is unknown we have created a simple Toy Model which
simulates ﬂuctuations of the kaon number for a sensitivity test. This Toy
Model is described in chapter 5. Here, yields and kinematics of pions, kaons
and protons are taken from UrQMD. Producing the bulk of independently
created particles. Additional ﬂuctuations of the kaon number of a diﬀerent
amplitude are added (see ﬁgure 6.23).
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Figure 6.23: Fluctuations of the kaon number per event of diﬀerent ampli-
tudes.
These events are processed through the simulation and reconstruction
chain of CBM. The extracted values of dynamical ﬂuctuations after recon-
struction and particle identiﬁcation are compared to values in 4π. This
comparison is shown in ﬁgure 6.24.
The conclusion is that by the reconstruction and identiﬁcation we do
not introduce a bias to the dynamical ﬂuctuations, and CBM is sensitive to
ﬂuctuations on the level of 1%. This may be caused by the fact that kaon
number ﬂuctuations have uniform distribution in momentum.
6.5 Conclusion
The feasibility of measurement of dynamical ﬂuctuations of particle yield
ratios with proposed CBM setup was shown. Such eﬀects as acceptance, re-
construction eﬃciency and inﬂuence of purity of the kaon identiﬁcation were
studied in details. No bias to dynamical ﬂuctuations due to identiﬁcation
procedure was observed.
Sensitivity test with Toy Model shows that CBM is sensitive to ﬂuctuations
on the level of 1%.CHAPTER 6. THE CBM EXPERIMENT 93
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Figure 6.24: Sensitivity test with the Toy Model. Dynamical ﬂuctuations
extracted after reconstruction and identiﬁcation versus dynamical ﬂuctua-
tions for Monte Carlo identiﬁcation. Solid line shows ideal response.
CBM will be able to provide a high quality data on particle ratio ﬂuctu-
ations in heavy ion collisions since in contrast to NA49 it has symmetric
azimuthal angle acceptance and will be designed to perform measurements
at the energy range from 10A to 40A GeV with approximately the same
acceptance for diﬀerent particle species (see table 6.2).
Beam energy (AGeV) π (%) K (%) p (%)
15 33.74 29.01 51.47
25 37.04 31.20 47.96
35 38.17 31.19 44.65
Table 6.2: The values of geometrical acceptance of diﬀerent particle types
for diﬀerent beam energies.Appendix A
Dependence on centrality bin
size
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Figure A.1: Distributions of the event-by-event kaon to pion yield ratio
for data (points) and mixed (histogram) events for diﬀerent centrality bin
widths as indicated in the ﬁgure for central Pb + Pb collisions at 158A GeV
(data set 01J).APPENDIX A. DEPENDENCE ON CENTRALITY BIN SIZE 96
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Figure A.2: Distributions of the event-by-event proton to pion yield ratio
for data (points) and mixed events (histogram) for diﬀerent centrality bin
width for central Pb + Pb collisions at 158A GeV (data set 01J).
A.2 Semi-peripheral events
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Figure A.3: Distributions of the event-by-event kaon to pion ratio for data
(points) and mixed events (histogram) for diﬀerent centrality bin width for
semi-peripheral Pb + Pb collisions at 158A GeV beam energy (data set
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Figure A.4: Distributions of the event-by-event proton to pion ratio for the
data (points) and mixed (histogram) events for diﬀerent centrality bin width
for semi-peripheral Pb + Pb collisions.Appendix B
Centrality dependence
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Figure B.1: Distributions of the event-by-event K/π ratio for data and mixed
events for diﬀerent centrality bins of minimum bias Pb + Pb collisions at
158A GeV. Right panels show the ratio of data to mixed events.APPENDIX B. CENTRALITY DEPENDENCE 105
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Figure B.2: Distributions of the event-by-event p/π ratio for data and mixed
events for diﬀerent centrality bins of minimum bias Pb + Pb collisions at
158A GeV. Right panels show the ratio of data to mixed events.APPENDIX B. CENTRALITY DEPENDENCE 109
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Figure B.3: Distributions of the event-by-event K/p ratio for data and mixed
events for diﬀerent centrality bins of minimum bias Pb + Pb collisions at
158A GeV. Right panels show the ratio of data to mixed events.APPENDIX B. CENTRALITY DEPENDENCE 113
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Figure B.4: Distributions of the event-by-event K/π ratio for data and mixed
events for 10% centrality bins of minimum bias Pb + Pb collisions at 158A
GeV. Right panels show the ratio of data to mixed events.APPENDIX B. CENTRALITY DEPENDENCE 116
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
e
v
e
n
t
s
1
10
2 10
3 10
4 10
(0.0-10.0)%
 0.06)% ±  = (14.82  data σ
 0.06)% ±  = (15.98  mix σ
 0.22)% ±  = (-5.97  dyn σ
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
d
a
t
a
 
/
 
m
i
x
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
e
v
e
n
t
s
1
10
2 10
3 10
4 10
(10.0-20.0)%
 0.07)% ±  = (17.64  data σ
 0.07)% ±  = (18.82  mix σ
 0.28)% ±  = (-6.57  dyn σ
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
d
a
t
a
 
/
 
m
i
x
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2APPENDIX B. CENTRALITY DEPENDENCE 117
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
e
v
e
n
t
s
1
10
2 10
3 10
4 10
(20.0-30.0)%
 0.08)% ±  = (21.74  data σ
 0.09)% ±  = (23.34  mix σ
 0.31)% ±  = (-8.48  dyn σ
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
d
a
t
a
 
/
 
m
i
x
0
0.5
1
1.5
2
2.5
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
e
v
e
n
t
s
1
10
2 10
3 10
4 10
(30.0-40.0)%
 0.08)% ±  = (26.52  data σ
 0.08)% ±  = (28.71  mix σ
 0.28)% ±  = (-10.99  dyn σ
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
d
a
t
a
 
/
 
m
i
x
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
e
v
e
n
t
s
1
10
2 10
3 10
4 10
(40.0-50.0)%
 0.08)% ±  = (33.10  data σ
 0.09)% ±  = (35.75  mix σ
 0.31)% ±  = (-13.51  dyn σ
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
d
a
t
a
 
/
 
m
i
x
0
1
2
3
4
5
6APPENDIX B. CENTRALITY DEPENDENCE 118
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
e
v
e
n
t
s
1
10
2 10
3 10
4 10
(50.0-59.5)%
 0.14)% ±  = (53.67  data σ
 0.14)% ±  = (56.74  mix σ
 0.60)% ±  = (-18.41  dyn σ
π p/
0 0.2 0.4 0.6 0.8 1 1.2 1.4
d
a
t
a
 
/
 
m
i
x
0
2
4
6
8
10
12
Figure B.5: Distributions of the event-by-event p/π ratio for data and mixed
events for 10% centrality bins of minimum bias Pb + Pb collisions at 158A
GeV. Right panels show the ratio of data to mixed events.APPENDIX B. CENTRALITY DEPENDENCE 119
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Figure B.6: Distributions of the event-by-event K/p ratio for data and mixed
events for 10% centrality bins of minimum bias Pb + Pb collisions at 158A
GeV. Right panels show the ratio of data to mixed events.Zusammenfassung
Die aktuellsten QCD Berechnungen erwarten einen Phasen¨ ubergang er-
ster Ordnung in den Gr¨ ossen Temperatur und baryonische Dichte beim
¨ Ubergang von der hadronischen in die partonische Phase. Diese erste Ord-
nung ¨ Ubergangslinie endet mit einem Kritischem Punkt. Die Suche nach
diesem Phasen¨ ubergang oder nach dem kritischen Endpunkt ist eine aufre-
gende Aufgabe in der heutigen Schwerionenforschung.
In Folge von Dichteﬂuktuationen am Kritischen Punkt oder in der Koex-
istenzregion an der ¨ Ubergangslinie, gibt es Fluktuationen in den Teilchen-
multiplizit¨ aten und den kinematischen Eigenschaften. Allerdings, in der
Gitter QCD Berechnungen die Quark Zahl Empﬁndlichkeit entwickelt ein
Spitze an der kritischer Temperatur wenn steigern die Quark chemische Po-
tential und so am kritischem Punkt herankommen. Die Fluktuationen als
die Messung von Empﬁndlichkeiten m¨ ussen dann verst¨ arkt sein.
In dieser Arbeit liegt die Konzentration auf den “Event-by-event” Fluk-
tuationen von Teilchen Multiplizit¨ atsverh¨ altnissen, so wie Kaon zu Pion
(K/π), Proton zu Pion (p/π) und Kaon zu Proton (K/p) Verh¨ altnissen. Vor
kurzem haben die NA49 und STAR Kollaborationen ihre Resultate bez¨ uglich
der Energieabh¨ angigkeit der dynamischen K/π und p/π Fluktuationen pub-
liziert. Die dynamischen Fluktuationen des K/π Verh¨ altnis steigen f¨ ur
niedrige Energien und sind mit UrQMD Berechnungen nicht reproduzierbar,
wohingegen die Fluktuationen des p/π Verh¨ altnisses in ¨ Ubereinstimmung
mit den Modelberechnungen sind.
In der Publikation der NA49 Kollaborartion wird diese Vergr¨ o¨ serung
der K/π Verh¨ altnis Fluktuationen mit der Verringerung der Teilchenmul-
tiplizit¨ aten assoziiert. Um dies zu ¨ Uberpr¨ ufen sollte man die Zentralit¨ ats-
abh¨ angikeit des ﬂuktuierenden Signals messen und so das Verhalten dieser
Observablen bei verschiedenen Teilchenmultiplizit¨ aten bestimmen. Zus¨ atz-
lich sollte man den Bereich bei niedrigen Energien nochmals nachmessen um
die Qualit¨ at der Daten zu verbessern, was eins der Ziele des CBM Experi-
mentes ist.
NA49 ist ein ﬁxed target Experiment am CERN SPS. NA49 ist ein
Hadronen-Spektrometer mit gro¨ ser Akzeptanz welches aus zwei Dipolmag-
neten f¨ ur die Impulsmessungen, zwei Vertex TPC’s f¨ ur die Messungen der
Vertices und zur Teilchenidentiﬁkation (PID) mittels des Energieverlustsig-
nals (dE/dx), zwei Haupt TPC’s ebenfalls f¨ ur die Teilchenidentiﬁkation
mittels dE/dx, zwei TOF W¨ anden f¨ ur die Teilchenidentiﬁkation um Midra-
pidit¨ at und einem “Null Grad Kalorimeter” f¨ ur die Zentralit¨ atsbestimmung
besteht. Messungen von p + p, p + A und A + A St¨ ossen wurden bei
121verschiedenen Energien durchgef¨ uhrt.
In der f¨ ur diese Arbeit durchgef¨ uhrten Analyse, wurden dE/dx Mes-
sungen der Haupt TPC’s f¨ ur die Teilchenidentiﬁkation benutzt. Das NA49
Spektrometer arbeitet im relativistischen Anstieg der Bethe-Bloch Parametri-
sierung von dE/dx. Das f¨ uhrt zu einigen Beschr¨ ankungen bei der Teilchen-
identiﬁkation, n¨ amlich einer PID erst oberhalb von 3 GeV/c und zur Un-
m¨ oglichkeit einer PID auf Spur-f¨ ur-Spur Basis. Teilchen m¨ ussen also auf
statistischer Basis identiﬁziert werden, der so genannten Maximum Likeli-
hood Method.
Die Zentralit¨ at bei einem A + A Sto¨ s wurde durch die Messung der Gesamten-
ergie der Projektil-Spektatoren mit Hilfe des “Null Grad Kalorimeters” bes-
timmt. Die dynamischen Fluktuationen sind als geometrische Diﬀerenz zwis-
chen der relativen Breite (σ = RMS/MEAN) von pro Ereignisse Verh¨ altnis
Verteilung der Daten (σdata) und gemischten (σmix) Ereignissen deﬁniert:
σdyn = sign(σ2
data − σ2
mix)
q
|σ2
data − σ2
mix| (B.1)
Die Hauptmotivation zur Benutzung der Teilchenmultiplizit¨ atsverh¨ altnisse
in der Fluktuationsanalyse ist, dass sich in erster N¨ aherung Volumenﬂuk-
tuationen in den Verh¨ altnissen aufheben. Dennoch, d¨ urften bei Pb + Pb
St¨ ossen die Fluktuationen in der Anzahl der an der Reaktion teilnehmenden
Teilchen von Projektil und Target Auswirkungen auf die Messungen haben,
also mu¨ s eine detaillierte Untersuchung der Abh¨ angigkeit der dynamischen
Fluktuationen von der Gr¨ osse der Zentralit¨ ats Bereiche durchgef¨ uhrt wer-
den. In der Publikation der NA49 Kollaboration bez¨ uglich der Energie-
abh¨ angigkeit von dynamischen Fluktuationen wurde ein Bereich von 3.5%
benutzt.
Die Zentralit¨ at war f¨ ur die Untersuchung in die folgenden Bereiche un-
terteilt: (0-3)%, (0-3.5)%, (0-5)%, ..., (0-20)% der gr¨ ossten Zentralit¨ at bei
Pb + Pb St¨ ossen mit 158AGeV Strahlenergie. Die Ergebnisse sind in
guter ¨ Ubereinstimmung mit dem Top SPS Energie Punkt von der Energie-
abh¨ angigkeit. Die Fluktuationen in der Anzahl der an der Reaktion teil-
nehmenden Teilchen von Projektil und Target in Pb + Pb St¨ ossen f¨ uhren
mit zunehmender Zentralit¨ at zu einem etwas 2% gr¨ osseren Fluktuationssig-
nal, was als allgemeiner Trend ber¨ ucksichtigt wird. Da die Diﬀerenz zwis-
chen den Ergebnissen f¨ ur 3.5% und 5% der zentralsten Pb + Pb St¨ ossen
klein ist, kann die Zentralit¨ atsabh¨ angigkeit mit einer Bin Gr¨ osse von 5%
studiert werden, um mehr Statistik zu gewinnen.
Die Teilchenidentiﬁkation auf statistischer Basis kann zu systematischen
Fehlern bei der Bestimmung der dynamischen Fluktuationen f¨ uhren. Dieser
Fehler kann f¨ ur die dezentralen Pb + Pb St¨ osse gr¨ osser sein, da in diesem
Fall die Spurmultiplizit¨ aten kleiner sind und deswegen die Teilchenidenti-
122ﬁkation schwieriger wird. Das kann besonders schwierig sein, wenn sich
die Spurmultiplizit¨ aten Null n¨ ahern. Da es keine negativen Multiplizit¨ aten
geben kann, entwickelt die K/π Verh¨ altnis-Verteilung einen so genannten
“Spike” bei Null.
Um die Limits f¨ ur das Studium der Zentralit¨ atsabh¨ angigkeit in Pb +
Pb St¨ ossen zu ﬁnden, wurden Simulationen mit dem UrQMD Modell durch-
gef¨ uhrt. Die Zentralit¨ at der St¨ osse war mit Hilfe von deﬁnierten Stosspa-
rametern bestimmt. Die mit diesem Modell generierten Teilchen wurden an-
schliessend durch einen Akzeptanzﬁlter f¨ ur das NA49 Experiment geﬁltert,
welcher speziell f¨ ur die besonderen Spur-Schnitte in dieser Analyse berech-
net wurde. F¨ ur jede akzeptierte Spur, wurde ein dE/dx-Wert mittels einer
Parametrisierung der gemessenen dE/dx Verteilung simuliert. Die Spuren
mit ihren simulierten dE/dx Werten wurden durch die Selber Programm
als die Spuren von der Datei Ereignisse gef¨ uhrt, n¨ amlich die Ereignis-pro-
Ereignis Passung.
F¨ ur die Simulation wurde eine Teilchenidentiﬁkation basierend auf den
Informationen des UrQMD Modell benutzt, die so genannte Monte Carlo
Identiﬁzierung (MC PID). F¨ ur beide Methode steigen die dynamischen Fluk-
tuationen f¨ ur eine niedrige Anzahl der “wounded nucleons” an. Die Ergeb-
nisse f¨ ur die Ereignis-pro-Ereignis Passung fangen an von der Simulation
abzuweichen f”ur eine Anzahl der “wounded nucleons” von ca. 200, was
einer Zentralit”at von 35% entspricht. Der Beitrag des “Spikes” bei Null
¨ uberschreitet in diesem Fall 2% von alle gemessenen Ereignissen. Aus diesem
Grund werden die NA49 Daten im Zentralit¨ atsinterval von 0% bis 35%
analysiert, wo es keinen Fehler gibt.
Die Fluktuationen sind als Durchschnitt zwischen den Ergebnissen f¨ ur
scharfe und weniger scharfe Spur-Schnitte berechnet. Die Diﬀerenz zwis-
chen den beiden Ergebnissen wird als systematischer Fehler benutzt. Die
gemessene Zentralit¨ atsabh¨ angigkeit von der Teilchen Multiplizit¨ ats Verh¨ alt-
nisse Fluktuationen ist im Bild B.7 gezeigt.
Der allgemeine Trend ist f¨ ur alle betrachteten Verh¨ altnisse gleich: die
absoluten Werte steigen f¨ ur niedrige Zentralit¨ aten von Pb + Pb St¨ ossen an.
Von der Deﬁnition der dynamischen Fluktuationen (equation B.1) kann man
die exakte Formel ableiten, welche im Fall von K/π Verh¨ altnis Fluktuationen
aus Kaon-, Pion- und Korrelations-Termen besteht:
σdyn =
s
var(NK)
< NK >2 +
var(Nπ)
< Npi >2 − 2
cov(NK,Nπ)
< NK >< Nπ >
, (B.2)
Im Fall des p/π Verh¨ altnisses, muss NK durch Np durch ersetzt werden.
Dynamische Fluktuationen des p/π Verh¨ altnisses entstehen haupts¨ achlich
durch den Zerfall der ∆ Resonanz, durch welchen korrelierte Protonen und
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Figure B.7: Die gemessene Zentralit¨ atsabh¨ angigkeit von der Teilchen Mul-
tiplizit¨ ats Verh¨ altnisse Fluktuationen.
Pionen entstehen. Die analytische Ableitung f¨ ur die dynamischen Fluktua-
tionen kann in diesem Fall durch den Korrelationsterm angepa¨ st werden:
σ
p/π
dyn ≈ −
s
cov(Np,Nπ)
< Np >< Nπ >
= −
s
(NpNπ)α
< Np >< Nπ >
, (B.3)
wobei die Kovarianz beim Produkt der Teilchenmultiplizit¨ aten zur Potenz
α parametrisiert wurde. Mit starkem “Feeddown” von den Resonanzen ist
dieser Parameter α gleich 0.5. Im Fall des K/π Verh¨ altnisses gilt NK << Nπ
und damit ergibt sich:
σ
K/π
dyn ≈
s
var(NK)
< NK >2. (B.4)
Der Durchschnitt der Teilchenmultiplizit¨ aten ist in der Akzeptanz berech-
net, welche f¨ ur die Bestimmung der Fluktuationen benutzt wurde. Nach
124Anpassung der Abh¨ angigkeiten der p/π Verh¨ altnis Fluktuationen mit Equa-
tion B.3, wurden folgende α Parameter extrahiert: α=0.66±0.12 f¨ ur die En-
ergieabh¨ angigkeit und α=0.51±0.03 f¨ ur die Zentralit¨ atsabh¨ angigkeit. Dieses
Ergebnis wird von der Annahme dass die Zerf¨ alle der ∆ Resonanz die
Hauptquelle der dynamischen Fluktuationen des p/π Verh¨ altnis sind un-
terst¨ utzt und gibt eine nat¨ urliche Erkl¨ arung f¨ ur sowohl die Energie- als auch
die Zentralit¨ atsabh¨ angigkeit. Man erwartet auch f¨ ur die K/π Verh¨ altnis
Fluktuationen Abh¨ angigkeiten von NK, aber die Energie- und Zentralit¨ ats-
abh¨ angigkeiten skalieren unterschiedlich mit NK.
CBM ist ein zuk¨ unftiges ﬁxed target Schwerionen Experiment bei FAIR.
Sein Ziel sind die m¨ oglichst vollst¨ andigen Messungen von Hadronen und
Leptonen in A + A St¨ ossen bei Strahlenergien von 10A bis 45A GeV.
In CBM werden Hadronen mit Hilfe einer TOF Wand identiﬁziert wer-
den. Mit einer geplanten Zeitauﬂ¨ osung von unter 80 ps wird es m¨ oglich
sein ein Teilchenidentiﬁkation f¨ ur jede Spur durchzuf¨ uhren. Zusammen
mit der gr¨ osseren Akzeptanz verglichen zum NA49 Experiment wird dies
erm¨ oglichen der Ausbildung eines “Spikes” bei Null in der pro Ereignis K/π
Verteilung zu entgehen.
Eine saubere Identiﬁkation der Kaonen mit einer Pionen Kontaminierung
von nur 15% (integriert) ist bis zu einem Impuls von etwa 3 GeV/c m¨ oglich.
Eine bestimmte Stufe der Reinheit der Kaonen Identiﬁkation kann mit Hilfe
von h¨ oheren Impuls Schnitten erreicht werden. Da dies nat¨ urlich die Akzep-
tanz reduziert, ist eine Studium des Eﬀekt dieses Schnittes auf die dynamis-
chen Fluktuationen n¨ otig. F¨ ur die Simulation, wurden die Ergebnisse mit
Monte Carlo Identiﬁkation aber den gleichen Impuls Schnitten berechnet.
Wenn man zum Beispiel eine Reinheit von etwa 50% pro Impuls-bin
fordert f¨ uhrt dies zu einem Impuls Schnitt von 6 GeV/c, eine Reinheit von
99% zu einem Impuls Schnitt von 3.25 GeV/c. Die Werte der dynamis-
chen Fluktuationen steigen an wenn der Impuls Schnitt mehr beschr¨ ankt.
Die gute ¨ Ubereinstimmung zwischen den Ergebnissen f¨ ur echte und Monte
Carlo basierte Identiﬁkation mit richtigem Impuls Schnitt ist zu beachten.
Die Ergebnisse sind n¨ aher an den Werten f¨ ur die volle CBM Akzeptanz f¨ ur
den Fall einer niedrigen Reinheit, welches zum eher entspannten Gesamtim-
puls Schnitt pa¨ st.
Die Zentralit¨ atsabh¨ angigkeiten der K/π, p/π und K/p Verh¨ altnis Fluk-
tuationen zeigen steigende Absolutwerte f¨ ur niedrigere Zentralit¨ aten.
Es wird allerdings auch eine Multiplizit¨ atsabh¨ angigkeit erwartet, und die
p/π Verh¨ altnis Fluktuationen in Abh¨ angigkeit von Energie und Zentralit¨ at
k¨ onnen gut mit der Annahme von ∆ Resonanz Zerf¨ allen beschrieben werden.
Im Fall der K/π Verh¨ altnis Fluktuationen sind die Werte der dynamischen
Fluktuationen des K/π Verh¨ altnisses f¨ ur dezentrale Pb + Pb St¨ osse aber
125h¨ oher als die Werte der dynamischen Fluktuationen f¨ ur niedrige SPS En-
ergien f¨ ur die gleiche Anzahl von NK. Anders gesagt: die Energie- und
Zentralit¨ atsabh¨ angigkeiten der K/π Verh¨ altnis Fluktuationen skalieren un-
terschiedlich mit NK.
Da die dynamischen Fluktuationen der Teilchenemission eine wichtige
Observable f¨ ur den kritischen Punkt sind und die aktuelle Datenlage nicht
endg¨ ultig ist, bietet sich das zuk¨ unftige CBM Experiment bei FAIR ist f¨ ur
eine pr¨ azise Untersuchung an.
Eine M¨ oglichkeit zum Studium der Messungen der K/π Verh¨ altnis Fluktu-
ationen in Au + Au St¨ ossen wird pr¨ asentiert, welche einige Schwierigkeiten
beim NA49 Experiment ¨ uberwinden k¨ onnte. Das Studium zeigt, dass diese
Messungen mit Hilfe des CBM Experimentes m¨ oglich sind und dass kein
gr¨ osser Fehler durch die TOF Wand des Experimentes zu erwarten ist.
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